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ABSTRACT 

A suite of aluminous Proterozoic Snare Group 

metasediments and polymetamorphic remobilised Archean 

paragneisses from the Arseno Lake area, Northwest Ter- 

ritories, Canada have been examined. The metamorphic 

grade ranged from the chlorite zone in the eastern part 

of the study area to the cordierite-almandine-K-feldspar 

Fone in the west. Based on’ Lhe spatial distribution of 

mineral assemblages observed in thin sections, the fol- 

lowing isograds have been mapped: 

i BLOELee in- 

2. Andalusite in. 

Be COPGLerice In) = MusScoVice chlorite eu. 

45 (SLlbimanite im = vandalusate out. 

So limanite: + KR=feldspaxr in = muscoyvice 

e 

7 Cuarez, Oc. 

OV Amandine: hK-celospare a) cord err re ean — 

biotite + siliimantte out. 

This sequence of mineral assemblages corresponds to the 

"low pressure' facies series of Mayas ro (ood). 

ficroprobe analysis of the ferro-magnesian sili- 

cates show that the scale of equilibrium in the cordier- 

ite-almandine-K-feldspar zone is on the order of 1 mm. 

thas siiedil scale oc equa librium is most probably a 

result of the CO. rich nature of the metamorphic fluid 

in the area. 
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The available cordierite-garnet-biotite geother- 

mometers have been tested and it is shown that the data 

Of Thompson (19 7/60,b) are anternally consivstant and 

agree well with P - T conditions estimated from exper- 

imentally determined equilibria in the system FeO-MgO- 

Si0,-Al,0,-K50-H,0. | 

The conditions of metamorphism in the Arseno Lake. 

area range from 350° CG: @ 2.0 kbar and XH50 2 oh ee eS 

Ghilorrre zone: to Tf 630°.'C.. 26) ese and X00 75 

for the almandine-cordierite-K-feldspar zone. 
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PART I: © INTRODUCTION 

The Arseno Lake area is located on the Bear-Slave 

Province boundary, 260 km north-northwest of Yellowknife, 

Northwest Territories, Canada, and is roughly bounded by 

1S 30 ro TG 00" West long tuderand 64° 15" sto 64° 

fo, eNOrthn laritude (rig. 1). bast of the boundary, the 

bedrock consists of the Yellowknife Group and related 

invrusive Tockssoo Archean age (Lord, 1942; Mecaens and 

Ross, 1963; Ross and McGiynn, 1965)... West of the bound-— 

ary, the bedrock is predominantly metamorphosed Protero- 

Z01C Snare Group Sediments, with sporadic occurences of 

remobilised Archean ortho- and paragneiss (Lora, TOA 26 

Frith and Leatherbarrow, 1975; Nielsen, 1975). The meta- 

sediments of the area west of the Bear-Slave Province 

boundary were studied with the principal objectives of 

elucidating their metamorphic evolution and of unraveling 

the relationships between the Bear and Slave provinces. 

To those ends, all of the available geologic, geo- 

chronologic and geophysical data for the area were compiled 

and evaluated in an attempt to gain gaddicional controls 

en the area's evolution. The geologic maps of Lord (1942); 

MeGlyomeenidenosse| 1360) 7 fand Prith et ial (1974) served 

as base maps for Bread OL traverse: Lines and for plot— 

ting the resultant petrographic observations. K/Ar radio- 

metric dating, by the Geological Survey of Canada (Wanless 

Gulch. aL oop abo oo yelLO68, 1970) established an age of 
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PBL Sates Or the age of metamorphism of the Snare Group. 

The preliminary Rb/Sr dating reported by Frith’ et al. 

(1974) established a minimum age, ct 2712 2 89 my. for 

the granitoid core of the gneiss dome in the western half 

of the area. The only geophysical data available were 

aeromagnetic anomaly maps (Map 2918G, 2930G), and a region- 

Bl Gravity Map compiled from an eight mile grid. The 

resolution of the gravity survey is too poor to aid in 

interpreting this area, and the aeromagnetic survey reflects 

only near surface magnetism. 

This particular area was selected for study because 

of the following reasons: 

DP. The i.1thologic character of the rocks 

S102 mineral 
2 S 

developing during prograde metamorphism. 

favored the presence of an Al 

This was deemed to be essential for deducing 

the metamorphic facies series represented 

in the area. 

2. The Bear-Slave Province boundary in this 

area is relatively uncomplicated and is 

generally represented by a fault contact 

between Snare and Yellowknife Group rocks, 

Op locally as an unconformity on the 

Yellowknife Group, overlain by a basal 

quartz pebble comglomerate of the Snare 

Group (bord, 1942-9 MeGlynnvand=Ross7 

1963;~Ross*= and McGlynn; -1965)4 
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3. The range of metamorphic grade is suffi- 

ciently large to permit deduction of the 

thermal gradient and the general nature 

Of the metamorpnrc fluid. 

It will be shown in Part IV that'a detailed meta- 

morphic study of this type of terrain, when integrated 

with structural and geochronologic data, can provide the 

necessary data to unravel the complex geological evolu- 

tion to which the area was subjected. 

Field work was conducted during June and July of 

1972 and 1973. A total of fourteen weeks was spent in 

sampling the metasediments along parallel traverses per- 

pendicular to metamorphic gradient, and along accessible 

lake shores where time and weather permitted. Traverses 

were soaceda 170 cto I. /5 kn apart an the brotite zone and 

were generally less than 1 km apart in the amphibolite 

facies zone. Sampling was biased in favor of pelitic and 

amphibolitic compositions, because such lithologies are 

most likely to contain ‘indicator' mineral assemblages 

which would be diagnostic of the pot conditions encount— 

ered in this study. 

STATE OF THE ART 

The field of metamorphism and the methods used in 

studying metamorphic petrology have, in the last few years, 

undergone a transformation. A well developed framework 

was left by early workers for present investigators to 



; at ‘> he ve PASE: abd Py “5 
an 

in _o 34 

wet Spee oi) Fe gate ap Ore. 
weite woctaine sar yt | —_ 
“= 

- ; _ 

4 : farce 24 
Ditieokons DA ,eeaycy | TS Wie toeen = 

, Pua ae wens) ty oy: othr note 

2 ts ae eked ae foe in ay ~pubetied 

sam Grant as & = of sale *e 

vj ote Sigs A ie ' 

aq / * 

7 bb atk Ae eee 

mA + 

a! -. boy FRE 

Lc ‘2 equigeeg 

; ‘oe | 4 ‘4 3) 05 
al ; ~ +t 

OP je» dale mes 
Srichiae, : 

2 .1N4 =—y =D oIwy 

— © 

| 2. sAc@ @7ae 
mJ 

i 2G oetsek ° 

o 7 ) ite = 21a 
a 

- all 

. OU 1) 7 an Y | 6 

=i DARIUS) ; huts poe T=" Se ee i -Anpres. ce ar) 

~s . fl : 

qr't= Ghote, 

: = 

, 
> eu our met 

aN tee ieee a ne Lspatied, leg tt hgiaditn 
Z a 2 heer as 



build upon, and their classical studies and the methods 

they employed are now being supplemented and .supplanted 

by new techniques and additional observations. 

Tie sarly studies of Barrow (1093), Bskola (2915, 

io20); “‘tibley (1926), and others were primarily concerned 

with erecting a framework or grid onto which metamorphic 

assemblages could be related to one another and to an 

orderly increase in pressure and temperature conditions. 

The technique used was Mee oor acne examination of thin 

sections, coupled with bulk rock chemical analyses and 

analyses of some mineral separates. More recent studies 

Citvasitno, C953; “Lanbest, (959s Chinner, 28960, 1962), 

examined the response of mineral composition to changes 

in metamorphic grade. Mineral chemical data used in these 

studies were obtained by wet chemical analyses done on 

mineral separates. These data, while presenting good 

totals, represent an average composition of the mineral 

being analysed, along with 2 - 5% of impurities which 

could not be separated from the bulk fraction. 

With the development of Pie eidetred mMicroprobe 

and an arena aise the quantification of X-ray 

spectrographic data, mineral analyses without contamina- 

tion from included impurities became possible. With the 

widespread availability of aie microprobe, more mineral 

analyses are now routinely collected and a great deal of 

inhomogeneity and zoning have been detected in minerals 

which appeared to be homogeneous on the basis of petro- 
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Graphic data, For zoned minerals, there still remained 

a minor component of inaccuracy and imprecision, affected 

by the necessity to return to the analytical area repeat- 

edly in order to collect both peak and background counts 

for each element being analysed. 

The development of energy dispersive microprobe 

analysis enabled the investigator to collect all of the 

necessary data from a single point in a relatively short 

time and therefore allowed for a greater confidence in 

the major element concentrations measured. Thus a method 

which produces rapid quantitative mineral analyses is now 

routinely available to the metamorphic petrologist. 

Experimental investigation of relatively simple 

systems relevant to assemblages encountered in metamorphic 

terrains have also provided insight into metamorphism and 

the petrogenetic grid. Early studies examined three and 

four component systems and had no controls on foo and the 

CO.,/H.,0 ratio of the fluid pressure medium (e.g. Bowen and 

Tuttle, 1949). A major step in experimental studies was 

taken when buffer assemblages were evaluated and routinely 

applied in investigating mineral assemblage stability 

fields. These include oxygen buffers in the system Fe-O 

(Eugster and Wones, 1962; Wones and Eugster, 1965), the 

C-O system buffers (French and Eugster, 1965), and buffers 

in the system C-O-H (French, 1966). At the same time, 

techniques were developed for studying the effect of co. 

partial pressures on dehydration reactions (Kerrick, 
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Poe )e anG..OF HO On decarbonation reactions (Greenwood, 

1963, 1967). This, therefore, quantitatively assessed 

the effect of fluid composition on the equilibrium con- 

ditions for dehydration reactions encountered during 

prograde metamorphism. 

The experimental study of the key 'isograd' reac- 

tions encountered in the eer orien GHeIpelutie rocks 

has helped to locate the commonly observed mineral assem- 

blage transitions on the petrogenetic grid. These works 

include: 

1. The muscovite + quartz stability field 

(Byvans, 29655) Kerriek 11972) 

Jo tne amMuscovate + -chiorite Stability maveid 

(Seiterce, .1970. Bird. and Pawcete, 1973) 

3. The almandine + sallimanite + quartz sta= 

bility tveld (Curie. 1971 > lensen wand 

Green, 207 dy 2972, 197 Ss WNersDrod, yo icab) 

4. The stability fields of the A1,S10, poOLy— 

morphs (Richardson, Gilbert, and Bell, 1969; 

Zen, 1969 (review een Holdaway, 1971) 

The metamorphic petrologist may also utilize two 

other methods for obtaining the information present in 

standard and polished thin sections. The first of these 

Tome o crane wrimany dtu inelusions to obtain intormma= 

tion on the gas composition of the fluid phase which was 

Lrapped duuing the host minerals crystallization. it 

is relatively simple to determine whether the trapped 
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Plus 2S pure coe pure H,0, or a two or more component 

mixture. The second method is to examine the 'opaque' 

Minerals in reflected light or with the microprobe. 

These observations allow the gapeereetion to estimate 

which of the phases buffered FO> during the metamorphism. 

If good estimates of pressure and temperature are avail- 

able, fo> can be determined within a few orders of 

magnitude. 

Therefore, with these analytical techniques and a 

large data base of experimental work, the approach to eval- 

uating a metamorphic terrain has changed and enlarged rel- 

ative to the approach employed by early investigators. 

This multifaceted approach enables the investigator to 

reach more quantitative conclusions concerning the actual 

physical Gonditions of metamorphism. Thus; recently pub— 

PiShece wore (on mniehl yy ell) acm eens, . 1/5, sl race crea le 

1875+ Thompson, 1976a,b) anclude detailed evaluation of 

pressure, temperature, and the fugacity of several com- 

ponents in the fluid phase within well defined limits. 

These define the metamorphic conditions much more pre- 

cisely than a general subfacies description could ac. 

The current trend towards an integrated study, making 

use of all of the current techniques available, marks 

the esi obare OL Metamorphic petrology trom a descrip- 

tive qualitative branch of geology to a much more quan- 

Sitative, sackinitive science which is capable of produc-— 

ing reliable data that can be used in more clearly defin- 
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ing the tectonic evolution Cl metamorphic terrains. 

This study extends the use of the microprobe to 

examine small scale equilibrium in upper amphibolite fa- 

cies rocks. It will be shown that such an approach is 

necessary in investigations of this type of metamorphic 

terrain, and that the conclusions reached are important 

in understanding and evaluating the metamorphic evolution 

of an original sedimentary series. For example, the 

analysis of biotite from the several distinct 'domains' 

imsing le polished (enin Sections tas shown that equila— 

bration of iron and magnesium between adjacent phases has 

occurred only at a scale of a few millimeters (see page 

Ags (The term domain refers to the mineral assemblage 

in contact with the analysed biotite.) 

The methods used in this study, then, differ slight- 

ly from previous investigations in similar terrains (e.g. 

Fotinsbee, 1942> Miyashiro, 1956) Lambert, 1959) ) The 

steps taken to evaluate the area were: 

Le Detailed sampling of pelitic and amphi 

bolvtuc, Wathologres . 

2. Petrographic examination of the above 

samples. 

3. Microprobe analysis of ferro-magnesian 

phases in a suite of samples which were 

selected on the basis of the total phase 

assemblage present and a low degree of 
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ee eee 

4s ExemMinatven Of primary f£lyid inclustons 

in order to estimate the CO./H,O ratio 

in, the metamorphic .luid. 

>. Application ‘cfumineral chemical data to 

published Se ere te and geobaro- 

metric calculations (e.g;. Saxena, 1969; 

Currie, 19/1+s Hensen and Green, 1971, 

Io 2 1S UeCheon (ete alny 97 47) -thomp— 

SOM, 19/5a;, 29 76a, 0). 

6. Synthesis of all of the above data to 

produce a geologic history and proposed 

tectonic evolution of Ener Study area. 

PREVIOUS WORK 

Peror to tne regional napping by GCG. iS. Lord: and 

Jw tt. Wilson of the Geological Survey of Canada, the 

Arseno Lake area had been examined only by prospectors 

in search of gold. Wilson mapped the southern part of 

the Arseno Lake area in 1939 at a scale of 1:253,440. 

Cyeso word extended Wilson vs) work to the north in 1940 

Acai maps were published as aG. S. C. memoir by 

Doro, in. Lee2. 

A more detailed study was undertaken by J. C. 

McGlivynnewand 7. Va ROSS. In thevr 1.637300) mapping project 

if the ease hale of the Arsenc take Map area (McGlynn and 

Ross, 1963). ‘They studied the structural style and stra- 

10 
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tigraphy of the Yellowknife Group and the overlying 

Snare Group metasediments. The western boundary of shege 

study corresponds to the cordierite isograd of this 

study. Ross and McGlynn (1965) summarized the Snare- 

Yellowknife relations along the known length of the Snare 

Group, from Basler Lake in the south to Arseno Lake in the 

north.| They moted a Change in; structural style from open 

concentric folding in the! s®uth to more steeply dipping 

Wprighte torwesterly dipping folds in the north. 

Ree ere ano 25 bedan a 50, V00mecale Ss Eruc— 

tural study in the western half of the Arseno Lake map 

ereay (selon, goo; yee he Curd, 0974; er ee neands Leatners 

barrow, 19/5; heatherbarrow, and Frith, L975)” Eaqure™ 2 

shows the generalized geologic map of the study area. 

GENERAL GEOLOGIC CHARACTER OF THE STUDY AREA 

The area studied was characterised by a low pres- 

sure, Abukuma type, metamorphic series. It ranged in 

grade from the chlorite zone in the eastern part of the 

area, just west of the Bear-Slave boundary, to upper am- 

phiboOlite grade Locks in the west. The thermal gradient 

was not uniform, but appears to have steepened as the 

gneiss dome in the west central portion of the area was 

approached and to have levelled off across the gneiss 

dome. Rocks in the eastern part of the area, below the 

andalusite isograd, show well preserved bedding. These 

metasediments are correlative with the lower Epworth 

Hae 
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Snare Group 
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Argillite 
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granodioric composition 
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a et yo Yellowknife Group 
Q mh ais Metamorphosed pillow basa, andesite, 
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x x datormation 

5 a a Exact relations not determined 
Dota complied from Lord (1942), Frith ef al[i978), and Nielsen (67S) 

FIGURE 2: Generalised geology of the Arseno Lake area 
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Group AHoliman eo 0) (iwi chimes exposedel 00elan mor tirror 

the Arseno Lake area. Above the andalusite isograd, pri- 

Mary textures and features have been obscured by penetra- 

tive structutes tassectated qich Dy and D. phases oti Metor-— 

Mativon (Frith@and Weatherbamrow,) 9 /5)e. and only cryotic 

chemical differences can be used to define some of the 

Original Litholea: calsunitts? 

The gneiss dome exposed in the central part of the 

area plunges to the southwest and is exposed for more than 

25 km along strike. It is cored by remobilised Kenoran 

granodiorites (Frith et al , 1974), and Archean paragneiss 

is exposed in the western and southern portions of the 

dome. (The term ‘Archean paragneiss', as used in this 

study, refers to polymetamorphic rocks whose first 

metamorphism predates the Hudsonian Snare event. At 

present, there, are not sufficient data to establish a 

definite age for these rocks.) 

Thus the area as a whole shows an Abukuma facies 

series type metamorphism in the Proterozoic (middle 

Aphebian) sediments in the east, ates is superimposed 

upon a mixed See OF Proterozoic sediments and 

remobilised Kenoran ortho- and paragneiss in the west. 

Distinction between the Proterozoic metasediments 

and remobilised Archean paragneisses was made on the 

basis Gin 

1. The polymetamorphic nature of the latter, 

WoLeh contain relic grains of high P-T 

Ns) 
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mineralé that could not have resulted from 

the Proterozoic metamorphism. 

2. The presence of similar grade paragneisses 

in the Ghost Lake area of the Slave craton 

(Polwnsbes, 194079 1941, 1942)". 

3. A Rb/Sr whole rock reference isochron 

(Ei. Slope ween aneaGsrenas tnt tal eraci oO: Of 

Ue and on age. ore 200 m.y.. 

General Lithologies 

The lithology of the region consists of a sedi- 

mentary sequence with a near basal siliceous dolomite, 

overlain by interbedded thin bands of siltstone and 

shale, graded bands of siltstone and shale, subgraywacke, 

and rusty pyritic shale with occasional horizons of 

quartzites, intraformational conglomerate and calcareous 

argillite. These are all members of the Snare Group 

(ZOU Loa Zit 

In the higher grade portion of the area, local 

pegmatites, minor injection migmatites and remobilised 

Archean granitoid rocks are found, along with retrograded 

AECchiean goer agneisses, which ware similar toy those descrip= 

ed by7Folinsbee (1940, 1941, 1942). 

The basement rocks of. the Snare Group metasedi- 

ments are the Yellowknife Group metasediments and meta- 

volcanics, although in some locations, Kenoran intrusive 

rocks are overlain by Snare sediments. Throughout much 

14 
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FIGURE 3: Diagram showing the Rb/Sr data available for the 
remobilised Archean paragneiss. The line shown is 

a 2110 my. oreference: isochron. 
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Ofreiheicentralvarea;conly thesProverozoie™Snare Group 

metasediments are exposed. Basement in the western part 

of the area consists of remobilised Archean gGranodiorites 

and pre-Snare paragneisses which together define the 

core of the gneiss dome shown in Figure 2. 

Metapelites. Interbedded shales and argillites 

and their metamorphic equivalents comprise the bulk of 

the Snare Group sediments. At low grades of metamorphism, 

original bedding is preserved, with beds approximately 

VLemethrekp giving the rockva@ Saminatedrappearance. “Burt 

Silty bands alternate with medium grey shaly bands. lLo- 

Cally, however, the thickness of individual beds can ex- 

ceed 10 to 20 cm. The shale is dominantly comprised of 

white mica, chlorite, quartz, and plagioclase. ees ae 

lites have more quartz and plagioclase and less white mica 

and chiorite. At higher grades of metamorphism, biotite, 

anegalusite, cordierite, sillimanite, K-feldspar, vand 

garnet have appeared, while muscovite and chlorite have 

disappeared. | 

Siliceous Carbonates. oS the eastern margin of 

the Snare Group, basal carbonates lie unconformably upon, 

Seern Louis eontac: teen, ae Yellowknife Group metavol- 

Ganics. They generally consist of recrystallised granu- 

iia. Oi ee nh carbonates with varying amounts of 

quartz, epidote, zoisite, tremolite, phlogopite, sphene, 

biotite, and diopside. The type and amount of accessory 

16 
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Minerals is a function of metamorphic grade and original 

Composit eon. 

Metapsammites. These units range from less than 

1 meter to several meters in thickness and are interbedded 

With Shale, argillite, icalGareousrargiliite, and pyritic 

black shale. The quartzites are generally impure and 

contain minor plagioclase, white mica, and some chlorite. 

Unescondlomerares CONSiSt OfegqvuarL? 1ch clasts. in ay Mact1 = 

Of chlorite, white mica, and) finer “grained quartz. At 

higher metamorphic grade, the matrix has recrystallised 

and developed biotite while retaining the original plagio- 

clase and K-feldspar. 

Granitic Rocks, Granitic-rocks of two ages are 

present in the study area. Within the Bear Province, 

Oldereialitt LORLOC ts Om. 2 /cLOMMey i eC eek ida, so 4) 

Se cuimmas renee teed Material coring the central gneiss 

dome. To the north and west, granodiorite of the Hep- 

DUI Batholith type. (v 13800 mov.) occurs: 

Other Intrusive Rocks. The Snare Group meta- 

sediments are cut by dikes and aie (?) of medium to 

fine grained, rusty weathering metagabbro. Higher grade 

Snare rocks are also cut by aplite dikes and coarse 

grained, garnet bearing pegmatites. The whole of the 

central and western part of the area is domed up by re- 

mobilised Archean granodiorites and pre-Snare paragneisses. 

Quartz veins and minor pegmatites cut many of the higher 

le) 
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grade Snare Group paragneisses. Some of the pegmatites 

are derived from the Snare rocks, and others near the 

gneiss dome are derived from the remobilised Archean 

(Kenoran) granodiorite. These yield a Rb/Sr isochron 

OLelsUS Mays Welt an Aantal Sr 87 /sr 8 Pato Or 0. de 

(Pri envet "ales, L975), 

Deformation of the Snare metasediments differed 

from east to west, and the cordierite isograd approxi- 

mates the boundary between the two domains. East of the 

cordierite isograd, where metamorphic grade was in the 

biotite zone or lower, the fold axes trend approximately 

O20 erro lung micmnoGeiwards , atic. orm awone Of “chosely 

spaced, upright to westerly dipping folds. These are 

CLimarilysociinaltolds, formed by simple or pure 

shear (McGlynn! ‘and Ross,, 1963)" 

ReGe of the cordierite isograd, the first phase 

Of deformation (D, ) was much like that in the east, and 
+ 

a second phase of deformation (D5) is evident. Where D. 

Was not too: intense,. the: folds’ Strike 080° ; D. was much 

less intense than Da and is generally expressed as gentle 

open folds which plunge to the south or southwest (Frith 

and Leatherbarrow, 1975). Dy was more intense, and caused 

the development of biotite.schistosity and elongation and 

flattening of mineral grains. Porphyroblasts on axial 

planar structures developed as a result of the penetrative 

18 
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nature of the first phase of deformation. 

Metamorphism 

The metamorphism of the Proterozoic Snare Group 

sediments and remobilised Archean paragneisses was a low 

pressure type event, similar to that in the Abukuma Pla- 

teau (Miyashiro, 1958). The average cane gradient was 

approximately 66°/km and ranged from less than 38°/km to 

75°/km. The maximum thermal gradient occurred on the 

eastern flanks of the gneiss dome above the cordierite 

isograd. The metamorphic grade increased from east to 

west. and ranged from the chlorite zone at the base of the 

Snare sediments to the upper amphibolite facies (alman- 

dine-K-feldspar—cordierite-sillimanite) in the west. 

Sample density and mineral assemblage data have defined 

the following isograds: 

(Pee LOttcerin, MuscoV ute + CmlOrVyce couc: 

2. Andalusite an. 

Son COLGLerA Te Sin 

4-52 Leman? te-an,-andalusice, out. 

po. eiliimanite + h-feldspar in, muscevite 

nr KL b iow mes Ano] bias 

6. Coexistence of cordierite + garnet. 

Woeally the tire sapeearance of Garnet in, rocks. of the 

appropriate composition occurs between the biotite and 

andalusite isograds. 

In addition to the prograde sequence noted above, 

189) 
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a series of retrograde reactions have been inferred from 

observations 

paragneiss. 

Ls 

ine 

Of thane sectilonsetrom the remobllised Archean 

These include: 

Spinel +  quarcz = eecordierite, 

Garnet + K-feldspar s+ boO) = biotite + Ali S210 
2 Zz 5 

Orthopyroxene + Al,Si0. + K-feldspar > 

biol terte quanta. 

Orthopyroxene + A1,Si0, tiduantze2 COLGLerice:. 

20 
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PART II: PETROLOGY 

GENERAL DESCRIPTION 

ChescCo ior eves Zone 

The lowest grade metamorphic rocks sampled lie 

immediately west of the Bear-Slave boundary and extend 

between 0.2 and 1.2 km into the Bear Province. The sam- 

ples {yom this Narrow zone; contain chlorite, white mica, 

quartz, and detrital feldspars, as well as ilmenite and 

Minor authigenic pyrite. These rocks are very fine grained 

with quartz and plagioclase clasts set in a matrix of re- 

crystallized quartzo-feldspathic material and interleaved 

chlorite and white mica. Westward from this zone, bio- 

tite appears in all of the rock types present except Or 

the most mafic compositions, where a blue green actino- 

TLere anphibole Ws present “iva 4). 

SU Re PeLOCLue one 

The biotite zone ranges in width from 2.6 km in the 

northern part of the area, east of the gneiss dome, to up 

to 3 km southuon the outcrop limits of “the gneiss dome. 

The upper limit of the biotite zone is defined by the 

cordierite isograd and the lower limit by the first appear- 

ance Of Daotite Lrom ‘the reaction of “chlorite + white 

Maca. 

Metapelites. The pelitic rocks in the lowest 

part of the biotite zone are very fine grained and are 

ean 





LEGEND 

Ch -chlorite + muscovite 

~biotite 

~cordierite + biotite 

~ andalusite 

~sillimanite 

~garnet + biotite 

~Cordierite + biotite + muscovite +silimonite or K- feldspar 
~cordierite + biotite +sillimanite + K-feldspar + muscovite 

~cordierite + biotite +silfimanite + K-feldspor 

~cordierite + biotite + K-feldspor 

~corderite + biotite + garnet 

—gorne! + biotite + K-feldspar 

~cordierite + brotite + garnet + K-feldspar 

~remobilised Archean paragneiss with spinel or orthopyroxene 
+Ptx CO @BODH BOD 

-Biotite Isograd 

7Andalusite lsograd 

ordierite lsoqrad 

eh Sillimamte tsograd 

2°MSiIimanite Isograd 

Almandine + K- feldspar lsogrod 

FIGURE 4: Isograd map 
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characterised by a phyllitic or lepidoblastic arrange- 

ment of chlorite and white mica in fine grained grano- 

blastic quartz and feldspar. ‘Large ragged porphyroblasts 

Of biotite cut across this tolmataon and commonly centain 

a network of rutile needles (see Plate I). Ilmenite, 

Graphite, and minor pyrite — also present. 

In rocks of higher grade, biotite is often inter- 

leaved with chlorite or muscovite and as it becomes a 

Meajion phase, -Dloti Le alignment, detimes the foliation. 

Metagraywackes. These are blastopsammitic 

rocks with similar mineralogy to the metapelites. The 

biotite is less abundant and is present as scattered 

anhedral flakes. The plagioclase clasts are commonly 

altered to white mica at low grade. In higher grade 

rocks, the plagioclase shows evidence of variable degrees 

GE recrystallisation. 

Ein, the wppermost part.of the biotite zone, anda-— 

lusite appears as larger porphyroblasts (up to 3 cm) and 

most of the plagioclase and quartz has recrystallized to 

an equilibrium texture Einslecroersend by triple point 

FUNCeELONS end Straight line boundaries. In rocks of ‘the 

appropriate composition, spessartine rich poikiloblastic 

garnets are present (see Plate I). 

Thee cordiert te — kndaliusi te Zone 

Cordierite porphyroblasts first appear an the peli-— 

PELC COCKS at the’ same time as. andalusite in the northern 
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PLATE I 

Features of the biotite zone. 

A. Sample 7223 showing fine Grane muscovite-chlorite- 

quartz matrix with ilmenite and sulfide grains and 

dusty graphite. hLarge white areas are guartz ligne 

grey areas are biotite. Crossed nicols. Scale 

bar = ol25 m2crene. 

aie Sample 7273 showing a coarse biotite flake in a 

quartz matrix. Chlorite grain in upper center Cf 

photomicrograph. The dark lines in the biotite are 

rutile needles which are thought to have grown 

epitaxially in exe biotite as a product. of reaction 

30 “Crossed nicois. Scale bar = 50 microns. 

Ge. Sample 7215, a spotted biotite slate showing large 

clots of biotite + quartz in a fine grained matrix 

of chlorite, muscovite, plagioclase, ilmenite and 

graphite crossed nicols. Gcale bar = 50) microns. 

D. Sample 7269 showing the control of initial sediment 

composition on the mineral assemblage formed. The 

3 bands are composed of differing amounts eve JenWe) ees 

and muscovite + garnet. The band at the right margin 

is composed of garnet (dark grey). + quertz] + pLlagLo- 

Glase. Plane light. Scale bar )— = mm 
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part of the area. East and southeast of the gneiss 

dome, cordierite first appears between 0.2 and 1.0 km 

above the first appearance of andalusite. Cordierite 

and biotite are present from the upper limit of the bio- 

tite zone to the western edge of the study area. The 

upper limit of the cordierite zone is defined by the 

presence of garnet in hand specimen with cordierite and 

biotite (he -cordicrite Zonestanges in width between 1.0 

Side oe Oreste. 

Rocks from the cordierite zone are nodular in 

appearance. This is caused by the presence of large 

diffuse cordierite poikiloblasts as well as euhedral anda- 

lusite porphyroblasts. Chlorite and muscovite are mutual- 

ly exclusive. Biotite is ubiquitous and abundant. The 

rock is much more massive than specimens from the biotite 

zone and cleavage and well defined foliation are much 

Less common, -except im the most. biotite sich rocks. 

DhemeCoOneTet! Vega. Liman keer Zone 

In the upper part of the cordierite zone, anda- 

lusite is replaced by sillimanite and a well defined 

first sillimanite isograd has been mapped. At the first 

appearance of sillimanite, the rocks take on a rusty 

weathering appearance. 

The second sillimanite isograd, marked by the reac- 

tion of muscovite + quartz > sillimanite + K-Tteldspar + 

HO, brackets the upper part of the cordierite zone in the 

26 



_ 
: PLS 7 

<a 

’ “~ >> 
@ —% 

a 

‘a * 

' 

- T 

e 

v= 

ih 

Tr 

ie | 
' ~ 

_ 

6 

7 7 7 7 a ower, 

ty en i sreqse win oz sodA 
in - , : 7 lon 

hs Poueety tn wy sit ES 

— ¥ 

3 oc ae 7 x ~= 

‘ . e633 is a Tt 

, 
‘ = & 2 §*; ph 

la 
* ; @F? « 

se. 

a 
Se e 

sd 

g 7 

i e 

> 

# 

—_— © 

' 

> i 
‘ek = 

=> 
- . i 

P = 7 

2) ba 



southern and southeastern part of the gneiss dome, but 

does not appear until well into the garnet zone in the 

northeastern part of the area. Pelitic and peraluminous 

rocks from above the second sillimanite isograd are mas- 

Sive, rusty weathering and nodular in appearance. The 

knots are cordierite porphyroblasts and bundles of fine 

Sillimanite (variety Seep se omiilarcewrisms or 

coarsely crystalline sillimanite. The rocks are much 

more gneissic. This gneissosity is defined by an alter- 

nation of leucocratic and melanocratic bands formed by 

metamorphic segregation. 

ne Cordierite - Mihesciane Sete Wes pcis Jone 

This is the highest grade of metamorphism recorded 

in the Snare Group metasediments. Cordierite and garnet, 

SLOnGaw ME OLouMte, quartz, ilmenite, rutile, plagioclase, 

K-feldspar, and sillimanite are the dominant minerals. 

SVuuiMeans te snisacommonly: foundgwithineicondieritce,. but 

never in contact with garnet. Cordierite is present in 

all but the most magnesium poor metasediments and biotite 

LS Ubi gus Poussin. the centrally parte of the cordierite- 

almandine-K-feldspar zone, minor injection migmatites and 

local anatectic pegmatites are found. The garnets are 

euhedral to anhedral. The anhedral garnets are rimmed by 

Digriterand) fane- grained plagioclase, indicating. the 

retrograde reaction of garnet + K-feldspar + HO <3 

biotite + plagioclase. Table 1 presents commonly observed 

ine) ~J 
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Mineral assemblages from the above zones in the Arseno 

Lake area. 

The Archean Paragneisses 

In the western part of. the gneiss dome, poly- 

metamorphic rocks crop out. They were retrograded to the 

cordierite-almandine assemblage by the Hudsonian meta- 

monphism, but relic Grains of hercynite spinel solid 

Solut2on and 2ron rich orthopyroxene (Fs 53=55), persist. 

The presence of spinel enclosed by cordierite and cordi- 

erite + Saar teon and the occurrence of embayed ortho- 

pyroxene, leads to the conclusion that these samples were 

Seven ara Te metamorphosed under granulite facies condi- 

‘tions and were retrograded to the upper amphibolite facies 

during the Hudsonian. 

ieee Ct ese verles 

The zonal series described above closely approx- 

imates an Abukuma facies series (Miyashiro, 1958). The 

observed zonal succession is: 

buetite = manda lisate: = cordierite = 

Sillimanite > almandine Poe 

CongmeLons.o Metamoronism..) Tnic fecies series, 

characterised by a low pressure, high temperature gradi- 

ent, suggests that the pressure of metamorphism ranged 

Prom cebOute2 kbar in othe bictite zone to about 3.5 to 4 

kbar in the cordierite-almandine zone, and temperature 

ranged strom approximately 350°-C. in the biotite zone to 
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TABLE 1: Commonly observed mineral assemblages from 
Single thin sections 

Chlorite “Zone 

chlorite-sericite-quartz-plagioclase-ilmenite + 
detrital K-feldspar and pyrite 

calcite-dolomite-quartz-tremolite 

BIOeL ce Zone 

biotite-sericite-chlorite-quartz-plagioclase- 
ilmenite-rutile + detrital K-feldspar and pyrite 

biotite-muscovite-spessartine garnet-quartz- 
plagioclase-rutile-ilmenite 

biotite-muscovite-quartz-plagioclase-ilmenite- 
rutile 

Andalusite Zone 

biotite-muscovite-andalusite-quartz-plagioclase- 
ilmenite-rutile 

biotite-chlorite-andalusite-quartz- plagioclase- 

ilmenite- rutile 

Cordierite Zone 

biotite-muscovite-cordierite-andalusite-quartz- 
plagioclase-rutile-ilmenite 

biotite-cordierite-andalusite-quartz- plagioclase- 
ilmenite-rutile 

biotite-cordierite-fibrolite-andalusite-plagioclase- 
ilmenite-rutile 

biotite-cordierite-sillimanite-fibrolite-plagioclase- 
ilmenite-rutile 

biotite-cordierite-muscovite-orthoclase-plagioclase- 
ilmenite-rutile-quartz 

29 



-_ . 

eee 
a | 7 _ i camer 

- 
7 a 

@ ; ss U 32 

or samy are ie a. eepig> . 

wy (Serres =. ‘weer jeb-arpoian 
. 

a 

Rat 

sag Ai ee ‘8 HAR iene _. 

oe ge iaumet! nn 

iieulbRe:4%: San 

im? ste oe 

a . 70S ee 
6 

saol. vsle cena: 

ra! oe a Pat eel 7 a 11 6 - 

7/2 sient s 

=~ ane ee a et 

7 B 7“ 82 —1) 

ALAS op 4+i=— ibs 

Tt Ce re ) Hapleqesd eode 
, ia ns -, = ‘pele 

5% dirk =e peer aE 
bist <6 TP ee 

| 7 

) at 

== 28¢ am (9-66 1406 eer rn | oka aun ' 
ie | 

; ti fake ral 

: sigur: 7 

or 

ome si . 



TABLE. lk (Continued) 

Second Sillimanite Zone 

biotite-cordierite-sillimanite-microcline-quartz- 
plagioclase + ilmenite + rutile 

biotite-cordierite-sillimanite-microcline-quartz- 
plagioclase-garnet + ilmenite + rutile 

biotite-cordierite-garnet-microcline-quartz- 
plagioclase + ilmenite + rutile 

biotite-garnet-microcline-quartz-plagioclase + 
ilmenite + rutile 

Retrograded Archean Paragneiss 

biotite-cordierite (spinel-sillimanite) ~-K-feldspar- 
plagioclase-quartz + ilmenite + rutile 

biotite-cordierite (spinel) -K-feldspar-plagioclase- 

quartz + ilmenite = rutile 

biotite-cordierite (spinel) -garnet-K-feldspar- 
plagioclase-quartz + ilmenite + rutile 

biotite-cordierite (spinel-sillimanite) -garnet- 
K-feldspar-plagioclase-quartz + ilmenite + rutile 

biotite-cordierite-garnet-orthopyroxene-K-feldspar- 
plagioclase-quartz + ilmenite + rutile 

biotite-orthopyroxene-plagioclase-quartz-K-feldspar 

+ ilmenite + rutile 

calcite-serpentine (forsterite)-ilmenite 
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700~> COC. ain™ tie cordierite-almandine zone (see Part III, 

page 164, Ty ae, 

The general absence of anatexis and the close 

spacing of the first and second sillimanite isograds 

suggests that for higher grades of the metamorphism, P e Bp Nar 
This has been substantiated by preliminary fluid inclu- 

Sion studies and is further substantiated by the lack 

of large scale equilibration noted at higher grades of 

metamorphism (see Part III, page 130-36, Part IV, page 196). 

pSseicnment of MevamoroniceGrade, Hor many Of 

the observations developed below, a non-mineralogical 

index of metamorphic grade is required. Ramsay (1973 a) 

defined such a grade index as the distance above or below 

the cordierite a2sograd. Gn this study, such a ‘grade 

index proved to be Hechler due to the asymmetrical 

nature of the cordierite isograd. The grade index chosen 

is defined as the radial distance from the thermal dome 

(as measured on the map of sample localities (see map 

pocket)), divided by the distance along the same radial 

line to the.almandine-K-feldspar isograd. The thermal 

dome is defined by contouring the mole per cent gahnite 

a 9 spinels from the remobilised Archean paragneiss. The 

area enclosed by the contour of lowest mole per cent gah- 

nite was chosen as the thermal high because the spinels 

have reequilibrated with the host cordierite at the 

highest temperatures (see Part II, page 107,ff). 
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This Bimenceoniese grade index is believed to be 

Superior to an unscaled index because it takes into 

account variations in the dip of the contact between the 

heat source and the metamorphosed country rock. This, 

then, compensates for the asymmetrical shape of the heat 

source and the isotherms resulting from it. 

Lhe, Samp ire Senves 

All of the 893 samples collected were examined in 

thin section. From this group, 100 samples were selected 

for further study. These samples were chosen on the 

basis of: 

1. The mineral assemblage present, with those 

having two or more ferromagnesian silicates 

chosen in order to use the various geother- 

mometers based on compositions of coexist- 

ing cordierite, garnet, and/or biotite. 

2. The presence of fresh unaltered minerals. 

Shel NeMPresencemor wre Vceyortiocyroxene oF 

spinel. 

The spinel bearing samples were studied to observe the 

reaction relationship between Spinel and the cordierite 

surrounding it. These 100 samples were studied in re- 

flected and transmitted light and areas of interest were 

noted for microprobe analysis. 350 mineral sae eee were 

made using an ARL-EMX Scanning Electron Microprobe equip- 

ped with an energy dispersive X-ray analyser. The compo- 
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sitions obtained are used in the discussion below. 

CONTROLS ON MINERAL COMPOSITION 

There are two types of controls in metamorphic 

systems which determine a mineral's composition: 

1. Those which permit the existence of a 

mineral (permissive controls). 

2. sThosem which modity ats composition 

(Mod invaenG, COntr oO 4S) RI Gg. eae 

Permissive Controls 

Energetic. The most important permissive 

controls are energetic. Whether or not a mineral is 

stable is absolutely dependent upon the physical conditions 

of metamorphism. These factors include pressure, temper- 

ature, and the fugacities of mobile components. 

Compositional. Coupled with the energetic 

controls is the need for the presence of an adequate 

supply of the required chemical components in the proper 

concentrations to form the mineral. The adequate supply 

US. aeriunctd on 10.s 

a bulkerock composition. 

2. The ease of transport of the chemical 

components to the nucleation and growth 

centers. 

3. Metasomatic introduction or loss of one 

or more components, thus altering the 

buik Tock composition. 
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4. Whether the phase. which is forming is a 

DuOGUCteOL fa, CONmeantous= or G-econtanuous 

reaction. 

Modatying Controls 

For minerals of a fixeds composition, or minerals 

which are the dominant phase for one or more components 

(G,0—,) Di in rutile or alimenite), the permissive controls 

are sufficient to determine the presence or absence of 

that mineral. For other minerals whose composition is 

variable, the permissive controls determine the appear- 

ence tGD eemineral, but not atrssexacti composition. 

There are several important modifying controls 

operating simultaneously to determine mineral composi- 

tions. The relative importance of these factors differs 

for each mineral group within a metamorphic complex and 

may differ between metamorphic complexes. 

Lncerneds Caveta ll Chemistry. One of the most 

iMmpOLeante snternal, modiivyimgycontrols asthe pare1eion— 

ing of two or more elements between coexisting phases. 

ln socks of samidar composition, Boe with different min- 

eral assemblages, mineral composition is determined by 

equilibrium partitioning between phases with common chem- 

ical components. This is a second order compositional | 

modifier and is related to cation-oxygen bond strengths of 

the coexisting phases and the free energy of each com- 

ponent in all phases. Experimental studies of metamor- 

34 
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phic minerals in model systems strongly suggests that the 

distribution coefficients relating two components and two 

phases may be temperature dependent (Hensen and Green, 

1971, 1972, 1973)", The presence or a third phase compet- 

ing for the same common components would further restrict 

the compositions vol the coexisting phases, The change in 

GOMpOSI tion, with the Antroductzon of an additional phase 

May ret lect a 'siiit Gn aVcontinuous reaction ian.which the 

PLuids may vaiso be a participant. 

Crystal field restrictions form a second internal 

modifying control. Ion exchange between minerals is not 

always possible over a broad range of compositions. For 

example, crystal field restrictions governing the M-sites 

in Staurciite Limi magnesium solid solution an staurco— 

Dice and VeStricraSstalrouttem to an Loon rich composeron. 

Thus StauLloi ce, CompoOs WoLOonm Ussicontrolled by crystal 

field factors. Any Fe-Mg phase coexisting with stauro- 

lite would also have its composition defined because of 

the limited amount of Fe-Mg exchange with staurolite 

whch ‘could occur. Reactions dagelee ae Staurolite are 

most likely to be discontinuous reactions. 

A tii reatcontrol Vs that “electrical netitrainity must 

be maintained. When a mineral's composition is changed by 

one of the above factors, the demands of electrical neu- 

teal) Cyeaniesds Bomees nee PES TAanemod tid Calon ole Liesmiun=— 

eral composition. iIf,) for example, an increase in temper- 

oS) 
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3 2 ature results in the substitution of Al’? for Me = ira 

muscovite, there would be a simultaneous change in other 

elements (Agere EOX Sai aha) to preserve neutrality. 

External. For a given set of metamorphic 

conditions and system bulk chemistry, growth and dif- 

fusion kinetics exert a strong influence on a mineral's 

GOnpoOsat1 On | ER crowth<Onmidiutrusivon trates are slow; or 

i Vohevroime Lor attainment of equilibration Ys short, 

then a mineral's composition may vary on a small scale 

(seewPart (2h, page 94) (8 The situation as) still one of 

attainment of equilibrium, although if reaction rates 

had been faster or the time for equilibration longer, 

different mineral compositions would have been attained. 

A Ma jC iactorpariecting: ditiusion ast the length of 

time that the system is at local peak conditions. The 

longer a system is held at a fixed set of metamorphic 

conditions, the greater the chance of attaining equili- 

brim erancdwthe elarder «the vscale of equilibration. . his 

can readily be seen in contact metamorphic aureoles, 

where the extent of the aureole oe Puncrion os Whe toead 

heat content of the eae Locks ‘Sima lariv,, seg tonal 

metamorphism may be reflected by broad or narrow mineral 

assemblage zones and large or small scales of equilibra- 

Gaon. 

A second factor affecting diffusion is the nature 

of the fluid phase. As mentioned above, the fugacity of 

36 
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the mobile components iS a permissive control. In addi- 

tion to that Eoney the fluid phase may exert a strong 

influence on mineral composition, even if the Sone 

of the fluid are not part of the phase composition. A 

MluLrd wath a ow mole: fraction of H,0 will be a much 

poorer medium for diffusion of cations or cation complex- 

es which move from the reactants to the products during 

a reaction, (continuous “or discontinuous). The lower the 

rate of intergranular diffusion, the smaller the scale 

Of ecu labration wil W bel toreasqiyven time. This ssutua— 

CLOW Se) discussed) further rinerac. Lit. 

Apthara [actor arreccing Ourruston is tne navure 

ot the cuystal lattice of phases participating in a reac- 

tion. it is wellknown that certain minerals, garnets 

for example, are much more refractory than other minerals. 

The more refractory minerals have a much slower rate of 

self diffusion, as is shown by zoning preserved nA Been 

prograde and retrograded garnets (Grant and Weiblen, 1971; 

Bethune and Laduron, 1975). If the refractory phase is 

present in a greater volume per cent than the other phases 

Wt WOLCh 1b aS equtlibratigg, tien the resultant maneral 

compositions will not reflect equilibria representative 

OG the bulk rock composition, but will represent -equili- 

bria defined by the active composition. This does not 

include the material effectively isolated in the non- 

reactive inner regions of refractory minerals. 
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FIGURE 5: Diagram illustrating the relative roles of permissive 

and modifying controls on mineral composition. See 

text for discussion of the modifying controls. Points 

Meike Olde ea Wi te ORmOnemVverLice aplanerands cep he 

sent mineral compositions that would be attained at 

perfect equilibrium (i.e., the chemical potential for 

any given species is identical in all phases containing 

that species). Where perfect equilibrium ie not attain— 

ed due to kinetic restrictions or limited intergranular 

diffusion, then a mineral's composition may vary along 

the area kAB. The exact location in the area kAB can 

be related to the cumulative effects of all of the 

modifying controls. 
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BIOTITE ZONE MINERAL CHEMISTRY 

The most abundant rock type in the biotite zone 

is metapelite with minor metagraywacke. At the lowest 

grade in the biotite zone, the rocks are spotted biotite 

Slates with patchy eyes of biotite + quartz in a finer 

grained matrix of plagioclase, sericite, and chlorite. 

At slightly higher grade, there is a well developed 

Schistesity detained bysalignment of biotite flakes. 

Phyllosilicates comprise more than 50% of the rock 

volume (Plate I). 

Biotite 

Analyses and structural formulae of six biotites 

from the biotite zone are presented in Table 2. The 

GOmpOsil tional variability sis small andis shown 2h Pag- 

ure 6. There is an increase in Mg and a decrease in 

Fe, TT, and the’sfe/Mg ravio. 

Infiuence: of MMeranorolil CsGrade. ANVLhingtiis 

rather restricted compositional field, there are limited 

systematic trends related to metamorphic grade. The main 

points are: 

1. There is a systematic increase in Mg and 

decreases in Fe and Ti. Mn content is 

Vartable, but novsystematic variation is 

apparent. 

2. Other elements in the Y-site, most notably 

VI : 
Al’~, show no systematic trend: There 

ee 



= 4vTiITOia 



TABLES 2): Microprobe analyses (weight %) and structural 
formulae (hased Onrec OxXyGen, tons) Of BIOTITES 

from the Biotite zone), Arseno Lake area “ah Se ee eee 

Sample 

Number 72271 7218 727 7217, ~I240C 9) 7255C 

Grade 4,07 2.95 ae 2.82 2.39 1.99 
Index 

Sio, 35.59 34.80 33.31 35.95 34.75 36.23 
Tio 2.18 Oey shah, 1.34 Vea 0.70 
Al oF 19.37 18240 9.11. 18. 56 18.50 ea by, 
Fed* 18.01 20272 222i cei aie) 20523 vlan 
MgO 10.40 7227 8.20 thegant OF35 er 10. 11 
MnO 0.18 O70 O07 OFlL 0.230 ----- 
GAO 0.06 0222 0.23 0.26 Gn27 0.19 
K50 Seay 7.94 Thsci hs) S210 G23 5.52 

Total 94.70 91.62 92.61 93.46 93.86 93.00 

Sa 5.390 5.506 S261 5.627 5.394 5.540 
Al1LV 22610 2.494 2.739 2.373 2.606 2.460 
Alvi 0.848 0.938 0.818 12052 0.779 0.994 
Tt 0.249 0.258 Oe2i2 0.158 0.198 0.081 
Fe DOG Do OP 2.925 DEaGG 2.626 2.695 
Mg 2.348 ea osu 1.635 DGS 2.304 
Mn U2 028 0.014 0.009 0.015 0.031 ----- 
Ca 0.010 0.037 0.038 0.044 0.045 0.030 
K ib gyal 1662 1.568 Gd 7 1,748 1.076 
£ Y-site 5.756 5.666 5.895 5.625 Soh 6.074 
rE X-site 7 a 1.63 1.606 1G61 12793 eG 
Fe/Mg 0.97 16:0 eee 1.69 alee halts 
mole $% 

annite - 40 48 50 49 45 44 

mole % annite is defined as Fe/ Y-site 
*total Fe as FeO 
G = spessartine rich garnet present 
memes = not detected 

For this and all subsequent tables of mineral analyses, the 

elements Na-Zn (except Ar), Zr, and Ba were sought using the 

energy dispersive data reduction program EDATA. Elements present 
in concentrations less than .03 weight % are not reported. 
For a full discussion of mineral analysis, the reader is referred 
to the appendix, and to the Short Course Notes from the MAC 

Short Course in Microbeam Techniques, Edmonton, Alta., 1976, 

edited by D.G.W. Smith. 
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FIGURE 6: Diagram illustrating the relationship of biotite 

composition (atomic proportions) to grade index for 

biotites from the biotite zone. The symbol size is 

+ .5 SD For the quantity plotted on the ordinate 

and 1 SD for the Grade Index. Grade Index increases 

with decreasing metamorphic grade. 
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rs talso* no: trend Vapparent in’ the total 

Miesice, Occupancy. 

Comparative Discussion. The biotites from the 

biotite zone analysed in this’ study are similar to those 

beporced) by" Ramsay (1073) a,b, Gn MIN Gor the: above: pio-— 

tites are from metapelites and, as discussed by Ramsay, 

there is little variation in biotite composition in green- 

schist grade metapelites. 

Abundant data on biotites from greenschist facies 

are available in the literature (e.g. Lambert, 1959; 

Brown, loo7 wouter. 9673" Marner, 19705 ePinsent, 9715 

Pamsen cand Smith) 1975)2" The Arsene, Lake brotites’ are 

ouepon ieee nee Similar to those reported in the above 

studies except that they have slightly higher magnesium 

contents and lower X-site totals. The problem with the 

X-site totals is discussed in the appendix on analytical 

methods. 

Aside from X-site deficiency caused by alkali 

migration during microprobe analysis, 1t 1s most pro- 

bable that hydronium ions seers Lor the vacant ylat- 

tice sites in the Grouse Structure. The other possi- 

bility is that the oxygen framework has several defects 

iis tes COtrespOndang tOsthies location Gi the xX ions in 

the biotitecstructure. | 

Thesvyariation of biotite composition in response 

to increasing pressure and temperature has been discussed 
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by several authors <e.g- Lambert, 1959; Butler, 1967> 

GUIGOCtI, 197.0)" Dub most of tthnewaca are for higher 

grades of metamorphism and higher pressure metamorphic 

series than those presented here. The Sele increase 

described by Butler (1967) is present in this study, 

although there iS no increase in alvi, as was the case 

Pie Biteer. Ses tui. 

Chlorite 

Analyses of four aioe and their structural 

formulae are given in Table 3. There is a limited com- 

Posztional range. Fagure 7 shows thatwall of he chior- 

ites are ripidolites: There is a-limrted range Of Al7 (Fe 

+ Mo + Mn) ratios and=a Sligntly Larger rangeein the 

Mg/(Fe + Mn) ratio and the Si/Al ratio. 

inp vuence=et Metamoronie Grade uw, Ghade nas <a, 

sSNabler 2ntluence:.on chlorite compositiceny than ons biotite: 

The main features are: 

1. The Fe/Mg ratio.tends to decrease towards 

the cordierite isograd, although the num- 

ber of samples is Roy ae gee to establish 

this trend conclusively. 

2. There is a small increase in the All¥V 

content and a decrease in sus 

Comparative Discussion. The composition of 

these chlorites is similar to those reported from other 

greenschist facies metapelites (Brown, 1967; Mather, 
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TABLE 3 : Microprobe analyses (weight %) and structural 
formulae (based on 28 oxygen ions) of CHLORITES 
from the Arseno Lake area 

Sample Number 7224 7218 On 7248G 

Grade Index Shee EES) Oreo gy ee 

$id. Bae 53ne2 Panto Saou 

TiO, Tye ser 0.13 0.10 

Al,0, ce a 7 Done? 

FeO. iN — 7.20) 22730 NER? 

MgO 1g 10.47 11.99 14.06 

MnO 0.17 0.29 Oe 0.40 

K,0 0.05 0.09 pk ee ee 

Total B4.79 84.27 86.60 87.07 

Si BB 2 205 poe 5.068 

mete 2.430 2.785 Deere! D982 

‘MeO 2 eo AE Ae 

Ti 0-009 sesso G02 1 weOMOle 

Fe 4.996 S208 Sake ee, 

Mg 4,252 3.489 3.888 4.500 

Mn ee) falsts ONC POC Te 

K 0.014 0.008 0600) ee = 

EY-site 11.920 11.937 12.003 12.083 

TOL Oc ele ero race he 0 
Cl=Wspessartiune, nich, garnet present 

ee element not detected 
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GRADE [NOEX 

FIGURE 7a: Diagram illustrating the relationship of chlorite 
composition (atomic proportions) to grade index for 
chlorites from the biotite zone. 
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FIGURE 7b: Diagram showing that all of the biotite zone chlorites 
are ripidolites. (Modified after Hey, 1954) 
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L970; Pinsent, cog. Ramsay, 1973), although they are 

less magnesium rich than Ramsay's (1973). The composi- 

tiOnal variability, especially fe/7 (re - Mg + Mn), is 

Similar to that reported by Brown (1967) < 

Muscovite 

Muscovite is a common phase in the chlorite zone 

and in the biotite zone. Due to its fine grained nature 

(5=l0 macrons) ae the Lagu ethatwtt. 1s commonly “Vwnter- 

leaved with biotite and chlorite, muscovite analyses from 

the biotite zone are not reported. A table of muscovite 

analyses from the upper part of the biotite zone, and the 

cordierite-andalusite and cordierite-sillimanite zones, 

is Peenesee elsewhere (Table 4). The analytical tech- 

niques used in this study (see appendix) were not suited 

to analyzing very fine grained, unstable materials. 

Since the aim of this study was to examine mineral equili- 

bria on a fine scale, an average of short counts on several 

muscovite grains would not have added melevyants data 20 

Che pro y7ect.. 

Oxides 

Opaque minerals comprise up to 5% of the mode of 

the biotite zone rocks... Rutile) and ilmenite are the 

oxides present; no magnetite has been observed. Micro- 

probe analyses of these phases are given in Tables 5 and 

o. 

Rutile occurs as needles in biotite and as por- 

phyroblastic aggregates. In the presence of biotite, 
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TABLE 5 : Microprobe analyses (weidqht %) and structural formulae (based on 2 Oxygen lions) of RUTILE from the Arseno Lake area 

Sample Number 

Grade Index 

S10, 

T1id05 

7218 

Cr203 pee ea 

Fe 

Mn 

we oe ee oe 

es = not detected 
*total Fe as Feo 

d2d 

— oe ee oe 

me ee ne me 

ee ee ee ee 

G = spessartine rich garnet present 

1Z595G 

96.48 

0.002 

0.990 

— oe oe oe 

73450 

101.96 

0.008 

0.906 

0.014 

73451 73501 

0.76 
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TABLE 6 

Sample 

Number 

Grade 

Index 
S105 

Ti0> 

Al303 

Cr303 

V5°, 

Feo* 

MnO 

Total 

Mn 

mole 3% 

pyro- 
phanite 

en ions) Oe 

ses (weight $) and Struct 
ILMENITE from t 

Microprobe analy 
ural formulae (based on 6 Oxyg 

he Arseno Lake area SoS area 

7224 

me we ee oe we 

28.98 

Palit 

96.28 

0.054 

13952 

*total Pe as Feo 
G = Spessartine garnet 

1213 

2.95 

42.70 

iee6 

28.41 

0.004 

2.026 

----- = not detected 

— oe oe on 

0.036 

12957 

0.033 

oo am oe 

50 

V2 

2.82 

ome ee ee ee 

7248G - 

wo oe ae ee me 

Present in phase assemblage 

— eo ee oe 

em ee ee 

— ae ee ee ee 

73376 

em me oe 

~~ — — <n ee 





TABLE 6 (Continued) 

Sample 73402 L2ooG 72385 vecy: @ 73478 1345). 73501 Number 
Grade 2002 1.99 pat iN 05) 0.93 0.79 0.76 Index 
Sid, O.22 O02) pe Oo2o eee Ome 
Tid, 22-3 02 A653 -Ghames 397 sir 4G 52, O33. Gr 
Al30, Seay ok oe Nee ie St, een ee 
Cro0, 00 wa-e- ene Oc00 ea as 0.05 0.07 Onan 
V203 000 wee 0.58 ----- --.. 0.60 0.60 22 
Feo* EASELS SRL) 25 be Area) nea 44.14 45.32 
MnO Cee t 0.29 0.25 0.89 1.66 1.89 1.16 
Total POSE! ASTISV AL SWEDE. CP) eV cya Siro eG liek) 

Si 0) eo 0) oe ee 02014 eee 0.010 
Ti oe 002 ee 022 eee 026 eon oley Niece 2-006 1.972 Eg Scetg hec eg Pa eee ae ee lea Sa er Tog 
Sil iene On) UGinOn OUG meee 0.002 0.003 0.008 
Vv ae a Os 0248 fy ee 0.024 0.017 0.079 
Fe SOMME = ALGiNSSe MCR” Ny sidentepl od 863 1.854 
Mn Oo0 3 e001 ONO 0U2 ee Oe03B gO7T ann 081 0.048 
mole 3 1.8 0.69 0.62 1.96 | eins Cay, 2.52 pyro- 
Phanite 

Sal 





Al 

Mn 

mole §& 

pyro- 
Phanite 

(Continued) 

73239 

— oe ee oe 

44.62 

0.73 

29°61) 

73185 

0.66 

ee oe 

oe oe ee ee oe — mo ome oe 

W238 OL 

ee oy es ee 

— one ee we ee 

— me ee oe oe 

_———— 

— emer oe ee 

oe me oe oe 
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PULi te rsh also found eS a reaction rim around ilmenite. 

feis fairly faniform in composition and contains minor 

amounts of iron and vanadiun. Under the electron beam, 

It CxALDItS a bade blue cathodoluminesence, perhaps 

caused by the presence of niobium and Leatica lune in the 

rutile structure (Deer, Howie, and Lussman, 1962)), 

Iimenite has a more variable composition between 

samples and also between individual grains within a sin- 

gle thin section. Minor amounts of silicon and vanadium 

are present. The manganese oxide content Ganges from 

C7287 sto 16.542 thus displaying the high pyrophanite 

content characteristic of metamorphic ilmenites (Rumble, 

Eee lie 

dneresi- no vepparent grade dependence of rutile 

composition in the biotite zone, however, the pyrophan- 

ite content of ilmenite shows a Systematic decrease with 

increasing Grade (Fig. 8). 

CONTROLS OF BIOTITE ZONE MINERAL CHEMISTRY 

Metamorphic Grade 

From the compositional data PEESeENnCeCdMabove, eit 

is apparent that there is no strong correlation between 

Metamorphic grade and biotite zone mineral Cieiis Gay, 

The trends observed between mineral composition and meta- 

morphic grade are: 

1. A decrease in Fe/Mg and a decrease in 

Si/AllV Une ch lOmin 

n (es) 
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FIGURE 8a: 
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Diagram illustratine the relationship between the Pyrophanite content of ilmenite and grade index for ilmenite from the biotite zone. 
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FIGURE 8b: 
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eae eet eerenenieemenatines ence ane + 

r 

0.30 0.70 Uae 1.50 
GRADE INGEX 

Diagram illustrating the relationship between the 
pyrophanite content of ilmenite and grade index for 
ilmenite from the almandine-cordierite-K-feldspar 
zone. 
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Peay coerce in Fe/Mg and a decrease in 

Saad amb iorieee 

Thus, across the biotite zone, there appears to 

be a progressive Mg enrichment in biotite and the remain- 

ong -chiorive. sifhe Same trengenae pPeen reported in bic-— 

tite zone rocks from the Buchan () “section of the east— 

Crm ocoOttisn Dalradian (Harte, 1975). 

Rock Composition 

ine range of composition of the biotite zone 

Minerals, and the absence of compositional dependency 

on grade (except as noted above) , suggests that bulk 

rock composition was the Magorn factor in determining 

mineral composition. This is most obvious from the oxide 

Minerals @rucive and ilmenite, where there is strong varia- 

tion from sample to sample and also from grain to grain 

within a single sample. Most notable are the Mn Ve and 

Si contents of ilmenite and the Si, V, and Fe contents 

Sof Futile. 

A limited number of qualitative microprobe analy- 

ses of plagioclase showed variation from sample to sample 

and suggests that host poe composition and the composi- 

tion of detrital plagioclase were the dominant controls 

of plagioclase composition. Plagioclase ranges from An, 3 

to AN 36 in the biotite zone (Table oe che hag An con= 

tent of some plagioclase probably reflects their clastic 

Onion. 
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Mineral Assemblages Present 

A third control of biotite zone mineral CnNemistry, 

especially the compositions of biotite and Sight Ko gu Reto w asia 

the total mineral assemblage Present.” Two biotite zone 

samples contained garnet as a third ferro-magnesian alu- 

minum silicate, and the Fe/Mg ratio of biotite adjacent 

tO garnet is lower than that of biotite in garnet free 

LOCKS. 

THE BIOTITE FORMING REACTION 

Since 1926) wien Ce be Til Wey Proposed hat biotite 

was formed by the reaction: 

(1) K-rich muscovite + chlorite + quartz + biotite + 

KePOOr MUScovite + HO, 
2 

there has been substantial CONCLrOVvVersy Over the nature of 

the biotite forming reaction in pelitic rocks. More 

recently, Ramberg (1952), Barth (1962), Winkler VADIOSy se, 

and Turner (1968) have suggested that biotite forms by 

tne Tollowing reaction: 

(2) muscovite + (Mg,Fe)-rich chlorite + biotite + 

AL-“VICh ChlOorvre squares F Hoo. 
2 

The most definitive study in Abukuma facies series 

LOCKS. tO Gdare.<isS Phat of Ramsay (1973 a,b,c), who deduced 

the biotite forming reaction in rocks of similar composi- 

tion and metamorphic setting to be: 

(3) -chiorite + muscovite (4) + 1imenite > biotite + 

MS cOv ULE) ie dueL io 2 aba ler + HAO K-feldspar. 

3) 



—* 



SO ee an iSeci chen ine the Phengite components and 

mus COVES >) is closer to the ideal muscovite formula. 

THeaMeiOra role of muscovite, however, is to provide potas- 

Sium for the product biotite. hoteldspar may or may not 

be produced, depending on whether or not potassium and 

aluminum are present in excess. 

. The present study has arrived at Similar conclu- 

Sions, especially concerning the role of ilmenite as a 

Beacrantedahd. the Coeatyaricn that quartz and rutile are 

PLOGUCES Of the baotite forming reaction. In all of the 

Samples examined where biotite has formed, ilmenite Grains 

are rimmed by rutile, and rutile has frequently grown 

epitaxially within biotite, Biotite + Quaztz intergrowths 

aLe le sO mcommonstseceeplatre i). 

THE CORDIERITE --AMPHIBOLITE FACIES 

The most abundant rock type in the cordierite- 

amphibolite facies, as in. the biotite ZOne, .S mMeta— 

pelite with subordinate Metagraywacke. Cordierite first 

appears simultaneously, or just after, the first appearance 

of andalusite. There is an increase in Grain Size of all 

the minerals present, indicating, that neariy complete 

recrystallization has occurred. In the low grade part 

of the cordierite zone, minor amounts o£ chlorite are still 

Present, but within 0.5 km above the cordierite isograd, 

elt Cl theeprimary chlorite has been consumed. Across the 

cordierite zone, plagioclase changes in composition from 
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Ssodic oligoclase to Oligoclase-andesine. The rocks lose 

the schistosity characteristic of the upper biotite zone 

and become gneissic. 

Samples from the cordierite zone are divided into 

two major groups based on the mineral assemblages present. 

Group I samples are characterised by the presence of anda- 

dusite, std limanite, and/or muscovite along with cordier- 

18) biotite, quarts. plagioclase, ilmenite, and rutile. 

Group II samples are less aluminous and Lack alumina rich 

phases such as Al,Si0. and muscovite. 

Angdalustte wis Teplaced by sillimanite as the stable 

AljS510, polymorph in the middle of the cordierite Zones 

Suilimanite occurs im two habits. The most common is as 

SeOUPS Sot eacr cular, cmall ety sO Mig) Sokenicheci ike (him iek 

guished as sillimanite (Mailer stiprolice) hi broiite 

most commonly occurs in biotite grains and less frequent- 

ly aS inclusions in corde More coarsely crystal- 

line Ssillimanite occurs at Slightly higher grade, often 

replacing the fibrous variety. Reconnaissance MUCEODEODE 

analyses showed no compositional Sea werteee between the 

two types of sillimanite or between Stllimani te vandsanda= 

Insite. lt asimose likely that the andalusite persists 

into the sillimanite Stability field because of very 

small differences in entropy between andatlusite and silii-— 

manite of 0.7 cal/degree (Pankratz and Kelley, 1964; 

Holdaway, 1971). 
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Muscovites from the cordierite zone are Very pure, 

having Pe -F-Mq totals in the Y-streror less than 005 

(Hable 4)\9 Rute and 4G ilmenite (Tables 5 and 6) show the 

Same range in composition as described for welgts\s len Wanentear= 

zone, except that the amount of manganese in ilmenite has 

a smaller range of values and the Pyrophanite content 

us much lower. 

In the upper part of the cordierite zone, musco- 

Vite is consumed by a discontinuous Geacti on with quartz 

to form sillimanite plus K-~feldspar (the second silliman- 

tLe 1sogt ado Figure 4) Aboverthe second sillimanite 

isograd, sillimanite and Kot elas parscoexist with cord 

elite, bicti te, quartz, plagioclase, and the titani- 

ferous oxides. 

CORDIERITE ZONE MINERAL CHEMISTRY 

Biotite 

Analyses and structural formulae for eight bio- 

tites are presented in Table 8. 

Influence of Metamorphic Grade. Analysed 

biotites from the cordierite zone exhibit the following 

trends: 

1. There is a tendency for Fe and the Fe/Mg 

ratio to increase with increasing meta- 

morphic grade coupled with a Sympathetic 

decrease in Mg. 

2. Pi valso increases with increasing meta- 
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TABLE 8 : Microprobe analyses (weight $) and structural formulae (based on 22 Oxygen ions) of BIOTITE from the Cordierite zone 

Sample 13269 73394 73407 73308 731231 7238s 73449 73450 Number 

Grade 2570 2.22 2208 Nong 1.28 12. 0.94 0.90 Index 

S105 55-98) 36.29 34/07 Masiag Glace S507 4 ns) oe it onag 
110, 1.62 3.20 3,97 Apiee 2.60 3.29 Gao 524 
A1,0, EU eh os UG os Mee OG eh 819.00 ma ger) ey oles Dee67 
Feo* US sl) eG aie Th = ais neo TOvsie 14.32 
MgO Onad eles? 7.68 6.27 7.98 9.15 Tigce! Menage) 
MnO 0.08 0.07 0.08 0.09 Os05) ance 0.05 0.05 
cad 0.34 0.33 0.30 0.35 0.24 Oey tere 0.28 
K50 9.4) 9.72 9.35 9.29 en O27) 9.24 8.80 
Ma500 0 2a se RAS ile ta Mista iS Feta ewes Me ee 
‘Total PIERS SESE SS ANI Lie) Weel ey) oltre 93.23 
si SOOM CLV Sele eA aria Se onice moe ee 5.492 
ait ERIS CATED HAN OR Oey ay) eclranay oe 2.508 
a1vt tigi a ORO42 80761 (05895: 0. O76" laneia » Ua caed 0.806 
Th EET EA 355 50-452 0289 | vonage ol 36a gas 0.366 
Fe SOS | cuit SAE Ale oie pees 2.498 1.804 
Mg PUES EEE IY Se Seay = aye tL ci 2.561 
Mn Co 0107 0-009" 40-010 901012 G00) seuee 0.006 0.007 
Ca Oe UC hU ME O04 0 ea0e05 70m Onad 1 elon o4nn eee 0.045 
K te ce stale COI cOle Bimoi a natn eae 1.690 
Meee || Pater As De eee te a a | get 
pet site 3.594 5.474 5.498 Si TAS 9.813 Dean 6 D8 5.544 
ie a-Site iicw al OR ee? tee ls 1.858 1.688 Leon] abee eis) BT eee: 
Fe/Mg whee 87 0.88 AS Pea as 12 1240 0.70 
mole % 40, ea9 48 43 42 44 45 33 annite 

*total Fe as FeO; #contains OS OG ee igiie MOO ait Nere() sn geen ates = not detected 
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FIGURE 9: Diagram illustrating the relationship of biotite 
composition (atomic Proportions) to grade index for 
biotite from the cordierite zone. 
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Homose grade. There is no apparent grade 

dependence of the other Y-site Sations, 

nor in the X-site. There may be a Saag ie 

increase in ae and a decrease in the 

SoA ratio, but there is too Tittle 

data to establish this conciusively. 

These data are shown in Figure 9. 

Comparative Discussion. There are few publish- 

ed data on biotite compositions from cordierite zone mineral 

assemblages. The bulk of reported analyses of biotite 

coexisting with cordierite come from higher grade assem- 

blages where garnet is also present. These garnet-cordi- 

erite-biotite assemblages are discussed under the cordi- 

erite-garnet zone. 

Ramsay los 2 .a,bi,c)s presented cCatavon blot tes from 

the cordierite zone in the metamorphic aureole of the Pros- 

perous Lake area, which, like the present SEU Yo lSeeeu Low 

pressure, intermediate temperature facies series. The 

Ereng Of increasing Pe and decreasing Mg in biotite from 

this study is in agreement with Ramsay's data. 

Cordierite 

Analyses and structural formulae for nine cordi- 

erites are Sey teres in Table 9. These data are sum- 

Mar@zed on Figure 10. 

Influence of Metamorphic Grade. Analysed 

eordierites from the cordierite zone exhibit the following 

trends: 

65 



SHeme© - 24 anges 

Ay! 7 apin aS s aoe ; | 

6) iaic Ot eee a ried 

elev) teas estes jactem te aed 

ae) oe c= ~os Di= a =S0i bd COT 

nals paig « Greig ecm 
2), 32: eultcy ot e2straee 

Losyyiwa i onal cmeegy 7 

4 | 7. toe 

r > fj jie onldet | 

eee) Gy tet sopelid: 

oD te el + (yore-silee ; 

9 sonnel 

i Lids 4 ef Ji “(eimes we 

ov ods 7) 7 » ie wadhacs aehe 

ioe te vigt sae8 io 

Pe ee orice = 1” 

; ne 7 ee | ag eas 

ee 

bee aS bf i iprees Viese ii A 

vo CEA eg 4 » Hapsoue i cl 

ae ope 
_ 

eS ee ee Jaeger 
cotegen tle, su" # ead Po - ‘ nae 7 7 

. a 

’ 

- 

A> on 



SS
Tt
ec
 

R
a
i
e
 

ax
Ye
T 

O
u
s
s
A
Y
 

‘
o
U
O
Z
 

|
A
T
T
S
e
T
p
P
A
O
D
 

e
y
}
 

w
o
 

F
L
I
U
S
I
d
Y
O
O
 

j
o
 

(S
uO

T 
Uo

 
8T

 
uO
 

p
e
s
e
q
)
 

a
s
e
T
n
u
z
o
F
 

T
e
i
n
j
Z
o
n
z
3
s
 

p
u
e
 

(%
 

Q
U
b
T
O
M
)
 

S
s
e
s
A
T
e
u
e
 

a
e
q
o
a
d
o
a
 

So
.E
a0
 

£
f
6
°
P
 

6
0
0
°
0
 

V
L
O
G
 

v
P
S
*
O
 

9
0
0
 

0
9
6
°
0
 

0
7
0
°
S
 

“A
e 

Va
s 

O
T
'
O
 

£
6
3
 

r
R
)
 

6
6
°
C
E
 

F
O
°
6
P
 

0
6
°
0
 

O
S
P
E
L
 

C
C
U
e
S
 

SO
0*
86
 

6
P
P
E
L
 

0
9
0
°
S
 

€
0
°
6
6
 

S
e
c
a
e
 

ye 

ch 
62° 

EE 

SZ8Y Ost S
A
T
E
 

it
Se
le
rj
ak
=j
e)
 

St
el

e 
= 

S
a
o
 

8O
0E
EL
 

—
—
 

e
e
e
 LO
PV
EL
 

ES
 T
O
S
 

+9
 

TO
00
°S
 

cr
vo
°O
 

£
0
0
°
0
 

E
1
0
0
 

r
e
c
a
t
 

c
r
s
 

0
 

G
U
S
)
 

s
 

r
9
6
°
O
 

2E
0)
 

9S
 

8
0
°
6
6
 

(
E
o
 

S
O
.
 

ST
t‘
o 

0
&
°
8
>
 

B
S
L
 

S
e
o
 

er
 

6
9
°
6
°
 

C
o
n
e
 

p
O
C
E
L
 

!o
8q
 

Se
 

2g
 

T2
30
2,
 O
A
T
A
O
T
P
Z
0
0
 

294 
% 

B
T
o
O
w
 

b
y
 /
a
q
 

O
e
4
T
s
-
Z
 

& 

P
N
 

x
O
9
T
 

fotty 

Co
rt
s X
O
p
u
r
 

3
p
e
a
y
g
 

X
I
q
u
U
N
N
 

oTdurs 

> 
6 

A
I
G
V
L
 



_
 

a
e
 
t
e
 

7 
_
 

eerey 
Seney 

 PIFEY 

B
a
 

0¢ 
4 

gain 

e
e
d
e
 

.
 36.585 

¢
 
£)-13 

Tae? 
e
e
 i
)
 

e
s
 

—
 
a
 

a
f
 .
4
 

St.? 

J
o
,
 
8 

©
 

—
 
a
 

.
 

a 
e
a
 

“i 
i® 

Hoi, 

a
 

_
 

a
i
.
 
@
 

eeesy 
ertt 

n
e
t
 

ey me 

ot a
0
 

net 

aie’ 

} ‘pe 
bowedl 

2
 
_
 

* 
Texoesos? b

n
 
fF ee

 

- 
c 2

8
 
23 

a) 
o
r
e
s
7
e
 

n
o
o
n
 
8
2
5
3
6
4
 
753 

649 G
a
z
)
 

3TZ 
; 

s
o
r
e
’
 

Shek 

ct.P 04,a4 37.6 2e.% a
 
a
i
 



FIGURE 

(=) 
Os 

f as L Phy = f ' 
oS 

zs 
“=B.10 0.40 0.90. ff 1.40 1,30 

ame: He Fh 
r 

-0.10 

S 

Sle 
cS 
(SS) 

pee) 

LS 
ral : *=0.40 0.40 40:90: 1.40 1.90 

GRAOE INDEX 

10: Diagram illustrating the relationshi 
composition (atomic Propertions) to 
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eA There 1s a systematic increase in Fe with 

merece metamorphic grade. 

Cee ere: asia corresponding decrease in Mg 

and an increase in the Fe/Mg ratio. 

No trends related to tetrahedral site occupancy have 

been observed, and there shop ake relationship between Mn 

or the presence of K and Na and metamorphic grade. 

Discussion. The data presented on Figures 9 

and 10 show the general trends outlined above. Two sam- 

ples display anomalous Fe, Mg comtents for both biotite 

and cordierite. These samples differ from the others in 

that there 1s) less biotite. and cordierite present, and 

alumina. rich phases such as the Al,Si0, minerals or mus- 

covite are absent. These two Samples (73450 and 73394) 

are apparently eG anes whereas the other samples 

are metapelites. 

CONTROLS OF CORDIERITE ZONE MINERAL CHEMISTRY 

Metamorphic Grade 

Across the cordierite zone, in the pelitic rocks, 

there is a tendency for both biotite and COrvaiterice: to 

become slightly more iron rich in composition. This may 

reflect the role of ilmenite as a reactant in the biotite 

and cordierite forming reaction. The Sli gat sineraace 

in Ti in biotite indicates that a Ti bearing phase (il- 

menite) iaS"a reactant, There is a tengency sion the dis— 

tribution coefficients for iron and Magnesium between 
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DUOTUESPandeicordierite fo increase with increasing meta- 

MoOLrphacegradevlEThis Suggests that a continuous reaction 

of the type: 

(4) Fe-cordierite + Mg-biotite = Mg-cordrerite + 

Pesbiocrte 

was occurring and. modifying the compositions of coexist- 

ing biotite and cordierite. 

Bulk Rock Composition 

As has been noted earlier, major differences in 

bulk rock composition are reflected in the mineral assem- 

blages present and in the compositions of those minerals. 

The points which lie away from the trends shown on Figures 

9 and 10 are from semi-pelitic to graywacke compositional 

environments. The Fe and Mg contents of coexisting bio- 

tite and cordierite from these samples, as well as the 

Ky for iron and magnesium, are Clearly ditterent from the 

pelitic assemblages. 

The range of compositions in the biotite tetra- 

hedral and X-sites and the cordierite Letrancdral site, 

as well as the aluminum content of both cordierite and 

biotite, ae no relationship to metamorphic grade. 

tt is therefore suggested that minor variations in bulk 

LOCK COMposition may have, at least I bere, conmero lded 

these aspects of mineral composition. 

Mineral Assemblages om ee sie hahe 

The mineral assemblages present in the cordierite 
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zone apparently do not play a Mayor Tole in controlling 

the compositions of biotite andy cordierite. The eee 

data from the cordierite 2One- suggests that a continuous 

iron-magnesium exchange reaction producing a Mg-richer 

cordierite and an Fe-richer biotite occurred. This type 

of continuous reaction, which results in the slow disap- 

pearance of one phase, is illustrated by the Zn content 

of spinel which is discussed below. 

Conclusions 

From the limited data presently ehtqemuibel acy casiee 

appears that within the cordierite zone of the low pres- 

sure, intermediate temperature facies Series, the permis-— 

Sive controls are more important than MOdLEVInc controls 

in defining the compositions of the ferro-magnesian 

Silicates present. 

THE CORDIERITE FORMING REACTION 

There are numerous possible reactions which could 

account for the appearance of cordierite in Pedvtic schists. 

The reaction: 

(5) eee + chlorite + quartz > cordierite + 

biotite + 4,0 

is perhaps the most frequently suggested. This reaction 

has been studied in many Metamorphic terrains as well as 

Es several experimental studies Gia ya moe 4 Sonreyer 

and Yoder; 1961; Hess, 1969; Schreyer and Seifert, 1969: 

peitert,) 1970; Bird and Pawcert, 1971). The Fe/Mg ratio 
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Pie thewbu Lkrock, «a6. welleac Al.0, content, restrict 

the simultaneous first appearance of cordierite’ plus 

DIOtite- fe lithe Mey (Mg.+ Fe) caciomof the bulk veck 
jncecds U8 /5,, Staurolite will, occur on place of cordi- 

eriteynoOschel., 21969) .. 

The experimental studies to date -in haplopelitie 

Systems have neglected the minor COMmMponentcs titanium, 

sodium, and manganese. As a consequence, the above 

experimentally determined reaction is unlikely to repre- 

Sent, the total reaction isograd CCeUrring in teal pelitic 

systems. The above reaction also does not reflect the 

fact that in most low pressure facies series, biotite 

appears before cordierite. 

in the Arseno Lake area, Many Samples just below 

the cordierite isograd contain minor amounts of musco- 

Vite and chlorite -as well as biotite. Thus, the first 

appearance of cordierite in some samples probably resulted 

from a reaction similar to that discussed above, except 

that ilmenite should be added as a LeAC lan te ands tittieler ac 

a product... The role of ilmenite One reaction was 

the same as it was in the biotite forming reaction. 

The compositional relationships between coexist- 

ing biotite and cordierite also provide some insight into 

the cordierite forming reaction. As biotite shows no 

strong decrease modally in the cordierite ZOnep ie ws 

SUggGestedsthat biotite was modified in composition as 

bia 
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the cordierite forming reaction proceeded, especially in 

the upper part of the COrVdleri tes zone, 

An examination of all of the mineral assemblages 

present in the cordierite zone (Table 1) leads to the 

conclusion that more than one reaction probably produced 

cordierite, as is discussed below. 

the Cordierite rene 

The reaction which first Produces cordieriite, and 

which defines the cordierite isograd of this study, is 

Sima var co that vot Ramsay (1973 a), 1974). 

(6) chlorite + muscovite + biotite |.) + Quartéz + 

iimenitée + cordierite + blotite (5) cere ar 

H50 ives per. 

Blotite 5) is richer in Fe and Mn and depleted in Mg 

felative to biotite (,). Hirschberg and Winkler (1968) 

investigated the reaction: 

(7) 4 chlorite + 4 muscovite.+ 9 Guarts & 

So cordierite + 4 biotite + 4 Situminostiy care 

16 H,0 

and the equilibrium conditions ee eaned SUGGeESt Late the 

cordierite + andalusite assemblage formed in the Arseno 

Lake area at a temperature of 1 540° c, at a pressure of 

3.2 kbars. Application of the equilibrium data for the 

above reaction to this area 2 limited because biotite 

occurs before cordierite and because ilmenite is a reac- 

WEUARE 6 

Te 



aes Wee ee oe 

7 | | 
. > ae be? 

oh pice Vinmegee 4 Se OeT 

1 wear 

Bark (eS deaue Urgquae =n4 of tes 

daa ot dbeeg hts oa: Nie enna wor A a7 

ee ee vere ahead 

oe ee a ladda 

ceancks RY 

‘Oita 26545 him patos 28>" 

r° @esabhuiet 6 cee chen ile 

big ) @) OF Safa 

Sewn PIS Dees eee - 4 

a a ee ul 

beet tec Wiss eres, 1G 

in. pd o:—-ell s 

anpees>® 1 D9 

oR lipecl 14 As gagieesennt Cres cp, 2ASORE | 

Aton ha ; payacives od wviseiosg = 

(palecea) eb) teeog vente 

Am 7 of ee Oe to (Sy Y 

ie . 5 0 wibaelttem ft — : 

= 7 a «a af ~~ s 

>» dieatitaee Tey rr + yh dase Ys © PLE . 

| 

a 

S24 Gilt a way cer® ioe gontalyal Besernry fry 2 ; sriciir 

" 7 y* . Pa ee ee : Siete ie 28 RS ae 

. 

eee eT ohn 36 peeeting eA 

| eT | me : cia 

es ee 



The reaction suggested for the COrdVeri tel isog rad 

in the Arseno Lake area, therefore, is: 

(8) chlorite + muscovite 

Fe 579) 95419 95542 52919 (OH), + KIMG Be) a 6A1, g4Si3_ 1919 (OH), + 

biotite (1) + quartz + ilmenite + 

MNS ga Sy 417 1141) 7 48i2 73919 (OH) + Si0, + FeTio, + 

cordierite + biotite.) + 

MG) osFe 94423 93545 96% + eS) 02" ©2227" 19"1) 65510, Georg (Oll> * 

andalusite + rutile + H,O + K-feldspar 2 
A1,Si0, 4? T1i0, + H,0 2 KAISi,0, 

This reaction 2s a coupled reaction combining reactions 

39 tame 7 re 

Reactions at Higher Grade 

At higher grades of metamorphism in the cordi- 

erite zone, after chlorite has been consumed by reac- 

tion, a new cordierite forming reaction must have taken 

Place a Blotter was *the sole remaining source of Fe + Mg 

and aluminosilicate and K-=feldspar increase in abundance. 

Muscovite disappeared as well. It is therefore suggest- 

ec that. he -cordierite forming reaction at higher grade 

was: 

(9) biotite + muscovite as 

AMS1.05F 21,1274 ggAl) 91542 72019 (OH). + RAMS 72)" 597 og8490 70S! 3,99 7 
1.65 quartz + .17 Mg (in solution) + +201 Fe-richer biotite + 

5 ke) i + 5 ' i al i 
Ab oy Si0, 17 Mg a) 5 PHOal RMS) o2F2) 22Tt 19 A Lecce ees ci ao > + 

cordierite + .169 sillimanite + 1.686 K-feldspar + 
MSy osFe_ g4h13 93545 96% + -169 Al,Si0, = aba tpel(sy KA1Si,0, + 

326 H,0 a GlO\7) setbpestalyas 

3.6 H40 07. TiO, 

qs 
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For Clarzcy,tnis treactvom canbe considered as two 

coupled reactions. The first defines the second Si Lia 

manite isograd: 

(10) muscovite + quartz > K-feldspar + Sillimanite 

37 HO 

and the second reaction is: 

(11) biotite + siljamanite + Quartz +) K=feldsparn + 

cordierite + H,0. 

At higher grade within the cordierite zone, above 

the second sillimanite isograd where muscovite is no 

longer present, the cordierite forming reaction appears 

to have been a continuous reaction in which the biotite 

composition was modified as follows: 

2 iS) 

KRo-teldspar + condterite + biotite 

Gee.) biotite (4) Tee. O emt eC ie toe len ai 

+ 

(2) 

HO es Siebel dkeyy 

POE DEOGUCtEbLOtrte (biotite (4) is depleted in alumi- 

hum and enriched in iron relative to the reactant bio- 

Crie. 

THE CORDIERITE - ALMANDINE - K-FELDSPAR ZONE 

The major rock type present is metapelite with 

subordinate amounts of metagraywacke. Garnet first 

appears in the metapelites.. Biotite, cordierite, Gai, 

plagioclase (oligoclase-andesine), microcline, ilmenite 

and/Om Buriie, and sillimanite are also present in vary- 

ing proportions, depending on the bulk rock composition. 

74 
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Garnet was observed in about 402 of the samples from 

this yz0ne. |The Majority of the garnets show minor late 

Stage retrograde reaction to biotite and plagioclase 

which is more calcic than the matrix plagioclase (up 

to Ans). In addition, garnet has not been observed 

in contact with sildimanice. Where sillimanite 25 in= 

cluded in the total mineral assemblage, it is most fre- 

quently bordered by cordierite and tne felsic minerals 

quartz, plagioclase, and microcline. It is only infre- 

quently observed in contact with biotite Plus Guartz. 

This “estan ‘contrast tosthe common asSOCliatzvon Of bio- 

tite and sillimanite. in Che wecordieri te zone. 

CORDIERITE ~ ALMANDINE - K-FELDSPAR ZONE MINERAL 

CHEMISTRY 

Biotite 

Table 10 Presents 24 analyses of biotite from 

the cordierite-almandine-K-feldspar ZONEC re EE LOulTe 

composition varies as a function of the He-Mo silicate 

with which it is in contact. Single grains of biotite 

are homogenous, but LAL, Ti.and Fe/Mg Vary fromeorain 

to grain within a single section. Biotite associated 

elon Seb Dee aecher An .Altend) Me "and. Tower in 

Ti and Mg than biotite in equilibrium with garnet and 

orthopyroxene. The following relationships of biotite 

composition, which is a function of the phase in local 

16) 
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TABLE 10: Microprobe analyses (weight ¢% 
(based on 22 Oxyvge 

) and structu ral formulae 

Cordierite- 
n ions) of BIOTITE from the Garnet zone SS SNS SONS 

Sample 73280C 
Number 

Grade SSR 
Index 

Si02 So. o4 
B1L503 RO) AF) 
TiO? 2256 
Cr203 0.06 
V203 0.10 
Feo* LO. 8S 
MgO 7.96 
MnO 0.07 
K50 8.04 
CaOv > we 
Total 94.95 

5.398 
ALIV 2.602 
Alvi L032 
(ese 07007 
Vv Oz G12 
Ava 0.290 
Fe 26500 
Mg L183 
Mn 0.009 
K L550 
CA ww eee 
E Y-site S638 
Fe/Mg 1.40 
mole & 

annite 44 

(e 
rp) wou 

“total Fe as Feo 

73402G 

202 

—— ee 

——-—-— 

47 

73402C 

ee ee ee 

a1 

biotite adjacent to cordierite 
biotite adjacent to garnet 

73366C 

—— ae 

——— ee 

me oe ee 

— awe ee 

—— ee 

76 

7345G 

130 

oe me me oe 

121536 

10 

131536 

1.9 

BSCS VES 
BRS es! 

arate) 

F312 

0.92 

— me ee ee 
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TABLE 10 (Continued) 

Sample (34916 “F31L85C "731576 #73I5sse 7 3206c IZ202C BZ 32026 (7S 195C 
Number 

Grade Do 7S 0.66 Onr4 Ce5s ORD 0.46 0.46 (0) 2a 
Index 

SiO 34.44 ShShg SUE BV 6 SUS} Bn SS 5) 5 SE SHS. 23} S4R67 34.99 
is: 16.60 BhShig (5) ee} 5 7/2 2 U9) 4 Og! 13593 ieee MH 5 EG) 
Ti05 36 he 3} 3S 2 PRO 260 PAIS ho iks! 52S} Al 
Cr903 ORO, One4 -=--- OR 2 ORG 0.06 Ones O)5 Jhal 
V203 Orne OR Ones0 Onas Ws AS ORO OReiee ORS 
Feo* 19.93 Bal Be 18.90 Zon wiz 133} 6 (03) 20.28 FAW. 2S! 19.40 
MgO Bo AW eeSD Habs 32 Pe2ZSd 8.67 8.76 Srsi5 8.54 
MnO Ws thal ORO 0.12 ----- 9 ----- 0) 4 8) 7 0.08 Om 
K50 8.94 Gress 55 BS 8.56 Do SY Bosal 8.16 8) 5 00) 
CaO === 0.20 ----- 9 ----- 0.29 0.20 £----- OFR2'5, 
Total Shah 5 2S} $4.06 94.46 Biel o atal 94.34 Neb V7 S2FS0 94.46 

Spt 5.386 5.496 35 DS) breaao 556 ABS 5) gf) 5.436 Sees) Al1IV Boole! io SiOz! 2.461 ZnO 59 PA SM 5S 2 SIF 2 BGG! Bgl 
A1VI 0.446 0.897 0.829 0.928 0.863 0.861 0.673 OR 4i7 
Cr 0.009 0.017 #£----- ORO 0.019 8) IO) 7 0) 4 (Ly ORO 
V 0.016 Oo O27 8). OLA 0.016 0.034 OR One2 8) OIE 0.018 
dit (a) ats isyal ORsos ON246 0.308 0.340 0.356 ORs 82 Os SAY 
Fe 26008) Boyar 2 BUSS Zo or Bo SOS ay SVS) Ff BE SG 2.498 
Mg Phy LENG OG hs SIS NueaGTONS Hg SHS Ley Ke Sie 5 MSO) Mn OROWsS 0.008 0.016 -----  -~--- 0.009 0.011 ----- 
K bas ashe} ba Be Ths AEA: 1.680 dn is Wa Awe 634 LETS. 
Ca ene 0.033 ----- -+~---- Os @aly 0.032 ----- 8) 5 (OLA x Y-site Sa @isuak 5/28 S/S 5.609 og DS 5.889 5 7 3) 38) 
Fe/Mg he 63 Oneo 60 reid ode Lo SE i Bes AR 
mole 3% 
annite = 46 48 39 48 42 44 46 45 

cul 
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TABLE 10 (Continued) 

Sample G3221C 4) 732016 73226C, 73226C5 T32276 7329596 PBL Cr 739550 Number 
Grade 0.33 0.33 O. 31 Cao) 0.29 067 Oey 0.05 Index 

Sid, She SSh See Whaley oe Gis 7 Ga 25030) 9855096 895eo5 Al203 H7,51 16.97 18.09 18.32 16.59 otis CEG Eu Calgaccye TiO, 4.58 4.78 aa NES eset) 3.45 oF 4.63 Cro03 O.06m nos 0, 09he = ae 0.10 0.08 0.08 0.08 V203 0.20 0521 0.15 Ce? O12 0.12 Onl G15 Feo* 2be3iy) 22.13 116.630) actos 916161 US5 102 219956 00K MgO 7.89 8,09) 10,22 iio. oe 7.19 OFA amie os 8.01 OE ea ee a ee 0.08 On06 0.07 0.05 K,0 8.45 9.06 9.38 9.65 9.20 On6 9.38 9325 Pee gt ec ye ce ee ee eae es Total 94.78 96.15 94.86 94.27 94.33 94447 96.17 “95095 
Si See S 24 8 AESied jae 35 ns roe 5.388 5.408 5,424 AliV BOE PAN WIG RE eo riaGy ) enc Om Gd 560) ne a7 AVI Oot 0 A106 40) 0.708 Ue 73e OG 729° G02 2830) (62545 Cr 0.007) “faces OT0l7) ae 0.012 0.010 0.010 0.0099 V 0.025 0.026 0.019 0.014 0.015 9 014 0.014 0.019 Ti 0.531 0.551 0.494 0.474 0.500 396502316 05535 Fe op Eee 2.835 a 2.098 6099) mo Gy SS S10am 24457 aot eas Mg MeBld: 91.846. 92.297 2.280 4.655 > Toles ae cee ans a wr So heel 0.011 0.008 0.008 0.007 K 1.662 1.771 1.804 1.867 1.8iq ie C02 ume G00 sem ot OR Giese ee ne an AS en snl Ue ee as Ce mT EY-site 57670 5.670 See S 497, 158636 eee) 555 Pe/Mg Te5L 1.54 0.91 0.89 153 L097 Seno oe Tens n 

tle 48 50 38 EW 46 4} 42 47 
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equilibrium with it, are based upon the data for sample 

Te252¢ 

Element in Biotite* Concentration of Element in Biotite 
Adjacent to: 

Aish garnet > cordierite > orthopyroxene 

Al orthopyroxene > cordierite > garnet 

Fe cordierite > garnet > orthopyroxene 

Mg orthopyroxene > garnet > cordierite 

Fe/Mg Garnet = Cordiverite > orthopyroxene 

The relationships between biotite associated with cordi~ 

Grite and With garner still hold when PY EOxXenS as "absent. 

influence of Metamorphic Grade. Systematic 

variation of biotite composition across the cordierite- 

almandine-K-feldspar zone occurs in the Y-site compo- 

nents Ti, Mg, and Fe. The data shown on BiGuiLe tiweare 

Only for biotite adjacent to cordierite. There are two 

major Prenae noted for these biotite: 

1. There is an increase in Mg and a decrease 

in the Fe/Mg ratio with increasing meta- 

morphic grade. 

2 There: ds) 4 Gendeney for Ta) to increase. 

“this table should be read: as follows: The concentration 
Of Ti in biotite adjacent to garnet is greater than the 
concentration of Ti in biotite adjacent to cordierite is 
greater than the concentration of Miia Dictate adjacent 
tO Orthopyroxene, etc. 
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composition (atomic Proportions) to grade index 

.for biotites from the almandine-cordierite-K-feldspar 
zone adjacent to garnet. 
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There are fewer data for biotite adjacent to 

garnet, but the available data Suggest that the above 

changes in Mg and Fe/Mg are more intense. 

Cordierite 

table i] presents 13 analyses of cordierite from 

the cordierite-almandine-K-feldspar zone. The cordi- 

erites analysed are homogeneous within Single grains 

and are of nearly constant composition in single thin 

SeCeLom. 'Cordierite is) associated WEN DaoOlLte mthe 

feldspars, quartz, and sillimanite and has not been 

observed in direct contact with Garnet. 

Influence of Metamorphic Grade. Cordieérite 

shows a systematic variation in composition with in- 

creasing metamorphic grade. The observed trends are: 

1. An increase in Mg with increasing meta- 

morphic grade. 

2. A decrease in Fe and the Fe/ Mg. ratio. 

There is no systematic change in Mn or the 

iy ie ratio, although these components do vary. 

(ag 2) 

Garnet 

Table 12, Presents 18 analyses of Garnet from tie 

cordierite-almandine-K-feldspar Zone... Garnet 15 Vary 

able in composition across the zone, but no systematic 

chemical changes related to metamorphic grade have been 

observed. All are greater than 703 almandine, from core 
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TABLE 11; 

K 

Z Y-site 

Fe/Mg 

mole $ Fe 

Cordi- 

erite 

*total Fe as Feo 

Microprohe analyses 
(based on 18 oxyaqen 
Cordierite - Garnet zone anne FF varnet zone 

73402 

—— om 

Carey Bee 

1.00 

48.43 

32.64 

em ee ee 

om oe 

, 13162 

me me 

ions) 

73185N 

N = garnet absent from total assemblage 

83 

T3L55N 

ee me me we 

a3 202 

-025 

aes) 

028 

Sod 

~161 

-025 

. 006 

~974 

(weight %) and Structural formulae 
of CORDIERITE from the 
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TABLE 71 (Continued) 

Sample ep eleaedy 
Number 

Grade Qo 32 
Index 

Sio, 48.66 

Al30, 32.95 

Feo* S56 (SX 

MgO PENS 

MnO 2 2 ====-- 

K,0 0.06 

Total SRS eas 

Si SO 4 

ailv 0.986 

avi BeOle 

Fe ORG 

Mg yeaa eed 

Mn ween 

K 0.008 

x Y-site 4.984 

Fe/Mg ers 

73226N 

0,31 

197.26 

32,66 

7.23 

73227N 

84 

73229N 

98.28 

5.016 

0.984 

3.042 

0.681 

Big pas) 

0.019 

0.011 

De 059 

0.941 

25,999 

— oe oe 

73255N 

98.66 

3.019 

0.981 

3.032 

0.774 

a gu es) 





51.00 

41.00 
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=) 

ica) 
-0.10 030 0.70 1.10 

GRADE INDEX 
hero) 1.90 So sht 

FIGURE 12: Diagram showing the relationship between cordierite composition (atomic proportions) and grade index for cordierites from the almandine-cordierite-K-feldspar zone, 
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SO Ly, ae Pyrope, spessartine, and grossular mole- 

cules vary from sample to Sample. This suggests that 

the initial chemical environment ve ener the garnet 

formed was the major Aone oie. its composition. Near- 

ly all of the garnets examined are zoned, with the py- 

rope component greater in the core and decreasing toward 

the rim, coupled with a sympathetic increase in alman- 

dine and spessartine away from the core. The garnet rim 

composition is in part controlled by the phases with 

WOTCh It US ine contact. “Thus pvotice had caused a de- 

pletion of the pyrope molecule while Plagloclase had 

caused the grossular molecule to decrease as calcium 

was incorporated into the plagioclase. The garnet rim 

composition is further altered by Les ahaa BeSOrpeLon 

of garnet to produce biotite and pPlagvociase Wiig, lo. 

Pelee. sista. 

CONTROLS OF CORDIERITE - ALMANDINE - K-FELDSPAR ZONE 

MINERAL CHEMISTRY 

Well defined trends im the Fe/Mg fatios of, co— 

existing cordierite and biotite indicate that the com- 

positions of these two phases none controlled by more 

than just energetic factors. 

Veer en ee Grade 

The role of metamorphic grade in décermaning the 

mineral compositions in the cordierite-almandine-K-feld- 

Spar zone is complex. Garnet is present across the 

88 
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PLATE £2 

Features of the almandine-cordierite-K- 
feldspar zone. 

Sample 73483. Garnet-high relief, biotite - dark 

gray, gquartz-clear, K-feldspar - light gray, cloudy 

and cordierite - clear — rimmed by pinnite. Plane 

polarised light. Scale bar = 250 microns. 

Sample 73496. Garnet-high relief, biotite - dark 

gray, K-feldspar — cloudy, quartz-white. Plane 

polarised light. Scale bar = 200) microns. 

Sample 73252. Garnet-high relief, biotite - dark 

gray to black, quartz clear, cordierite cloudy and 

biqhe gray. Grain, on K-feldspar is shown in the 

upper right hand corner. Plane polarised Peni. 

Scale bar = 100 microns. 

Sample 73483. Garnet black, cordierite - light gray 

and cloudy, quartz-white, K-feldspar dark gray 

(upper right hand corner) and biotite-speckled. 

Crossed nicols. Scale bar = 50 microns. 
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FIGURE 13a: 

o 
(af 

uw 

.10 9.30 0.70 1.10 1.50 
GRADE INDEX 

Diagram illustrating the relationship of garnet composition (atomic Proportions) to grade index for garnets from the almandine-cordierite-K-feldspar zone. 

OL 





PI<-————. GARNET Tomcat i eh 

ATOMS PER UNIT CELL 

Q 

O 200 400 600 g00 
DISTANCE ( microns )—p 

FIGURE 13b: Diagram Showing the reverse zoning profile shown by 
Barnets from the almandine-cordierite-K-feldspar zone. 
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entire gone, but is always present in smaller amounts 

than bictite + cordierite. As discussed above, the 

non-systematic variation of garnet composition sug- 

gests that for garnet, other controls were of greater 

importance. Biotite and cordierite display good grade 

dependent trends, and metamorphic grade was an impor- 

Cant. CONLEGIy an determainging thers compositions. 

Bulk Rock Composition 

The non-systematic variation of the Si/allV 

Patio In biotite and Gorndierite, as well as the com- 

ponents Mn and Na, suggest that minor variation in 

bulk rock composition controlled these aspects of 

mineral chemistry. Also, the presence or absence of 

garnet iS apparently controlled by the relative amounts 

of iron plus magnesium to aluminum. 

Mineral Assemblage Present 

The most important Control of cordierite—-alman= 

dine-K-feldspar zone mineral chemistry appears to have 

been the mineral assemblage Present. This is especially 

well shown by the biotite and orthopyroxene composi- 

tions obtained from Sample 73252) ¢Taple 13), where the 

analysed minerals vary in composition as a funetion 

GOPSche Cbher ferro-magnesian silicates with which they 

abe in Vocal vequt librium. All of the Samples, where 

more than two analyses of a mineral are aviale able, 

display his wetfect, 

pe) 
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TAB LG tua ata on 
2 

OY a I a ee ee 

Biotite 

Wat 
Ortho- 
pyroxene 

K 

Number 

OF 

Anions 
x Y-site 

x X-site 
z Al 

Fe/Mg 
mole $% 
anaite 

—— oe ee 

ee ee 

— — we oe we 

-—— — — 

*total Fe as Feo 
~---~ = not detected 

in mineral composition in Sample 7325 
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Biotite Brot te 
with with 
Garnet Cordi- 

erite 

So Sides 36.04 
4.37 Bue? 

16.48 2 GR 
Oe 02 10 

Oma. 1:97.43 
ahs Oar a LO, 42 
----- 0.06 
BROS) 5 Sseses 
Sieve e213 

OO 4 BOS no 

Sructural Formulae 
bra 5 5492 
2.585 25 08 
O2259 0.497 
0. 015 Oy, Ou 
0.498 0.369 
2.434 PA) G 
2.437 22381 
----— 05007 
C007 a= ——— 

685 eyed 

Ze ae) 

Sie 4s Des 3, 
e692 eeu aecd 
2.944 S005 
0.99 039 

42 43 

Ortho- 

pyroxene 
with 

Biotite 

100.43 

— 

Ortho- 

pyroxene 
with 
Cordierite 
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Be Enis point, it should be stressed that with 

the exception of FAarnec, Falivor sche ferro-magnesian 

Silicates- are homogeneous within Single grains. 

Conciusions 

Prom ne Gata available for the cordierite- 

almandine-K-feldspar zone, the modifying controls appear 

to have been most important in determining mineral com- 

position. The most important internal control appears 

to have been the equilibrium partitioning of iron and 

magnesium between biotite and cordierite and biotite 

and garnet. The external control of @iziusion also 

Played an important role. This is Shown by the email i 

scale system within which equilibrium was attained. 

We Sone enea hea snore “seen elbectively isolated by 

Slow intergranular dvifusion, warnet would have been a 

more abundant phase and the iron-magnesium ratios of 

the various ferro-magnesian silicates would have been 

de fhierent. 

THE GARNET FORMING REACTIONS 

ime thas Section, two separate garnet forming 

reactions are discussed, cerresponding to the two diftf-— 

erent environments in which garnet has been observed. 

Wieefivse reaction reters tq the rather Sporadic occur- 

rences of garnet below the andalusite Lsograceaine 

second reaction is the one which formed Gaanet, in the 

cordierite-almandine-K-feldspar zone. 
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Reaction at Low Grade 

The garnets below the andalusite isograd are 

very rich in the Spessartine molecule (> 25 mole per 

cent) and show prograde zonation, with Mg enrichment 

in the rim and a strong decrease in Mn from core to 

Pim (Pig. 14). ) the presence of garnet at this grade 

of metamorphism is most probably a function of the 

bulk rock Mno content, thus only local horizons con- 

tein Garnet (Plate I). This garnet most probably arose 

from the reaction: 

(U3) sehtorite + muscovite. balouet eo p Ke Hy O ue) ay ) Ss i 

ite component of ilmenite + An Component of 

plagioclase + Mn-rich garnet + MoG=Erehner 

biotite + rutile + Ab-richer plagioclase 

Ha 
2 

The garnets are formed in the biotite zone, below 

the andalusite isograd, and are stable because of their 

high Mn content. The garnet most probably was able co 

nucleate because the ilmenite, which was a reactant in 

tne biotite forming reaction, also released Mn to the 

fluid phase. Table 14 presents analVSes, Lor Garners 

from two biotite zone Samples. Another feature to note 

in these garnets is their telatavely high Ca content. 

The calcium in these garnets was probably made avail-~ 

able through breakdown of clastic plagioclase. 
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TABLE 14 Microprobe analyses (weight %) 
formulae ( based on 24 oxygens) of GARNETS from ee) OF MARNE LS Trom the biotit 

Sample 

Number 

Grade 

Index 

Si05 
Al903 

FeO* 

MgO 

MnO 

CaO 

Toi 

Si 
Al11V 

alvi 

Ge An 

c] Total @ re as 
CG garnet core 

R  Gannet rim 

e& zone 

Feo 

andr Structura | 





Fe 

Mn 

0.273 0.084 

Mg 

Intensity (counts/sec ond) 

1000_Q 

Ca 

100 200 300 400 500 
Distance (microns 

FIGURE 14: Diagram illustrating the 'prograde' zoning profile 
shown by garnets from the biotite zone. 
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Reaction at Higher Grade 

The major garnet forming reaction occurred above 

the second sillimanite isograd and defines “the trans— 

ition from the cordierite-sillimanite zone to the cor- 

dierite-almandine-K-feldspar zone. These garnets are 

characterised by a much lower Ca and Mn content than 

the biotite zone garnets. 

The larger garnets are characterised by.a large 

homogeneous core, approximately 500 - 700 um in dia- 

Never, rimmed py a recrograde Zone of 100 = 200 um 

in width, which shows Mg depletion and Ca, Mn, and Fe 

enrichment. (Grant and Wetbien, 1971) 3)" This outer com- 

POSttional zonation is thought to record retrograde iron- 

magnesium exchange with biotite, coupled with the reverse 

Or tne! Garnet forming reaction: 

(14) garnet + K-feldspar + H,0 > Diotive rt 

alumino-silicate + quartz. 

Two reactions producing garnet are given below. 

Reaction (15) consumes less A1,Si0, than reaction (16). 

(IS) “bictite +°2 sillimanite + 4 quartz > 

2 garnet + 2 K=neldspar + 2 HO 

REO) 21 Oerte Csi llimanire = 915 eetinte ze 

2 Garnet. 3 cOnuierite: + a K-feldspar + 

4 HO 

The garnet producing reactions in the Arseno Lake area 

differ from the above reactions because: 

a9 
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i DLOtite is tnot totally consumed, but 

changes in composition (a continuous 

feaction) . 

2. Ilmenite is one of ene reactants and 

rutile is one of the products’, 

The proposed garnet forming reactions in the cordier- 

ite-almandine-K-feldspar zone for the Arseno Lake area 

are: 

(15a) biotite + Sillimanite + quartz + ilmenite > 

Gernetl. + Mg,Ti-richer biotite + K-feldspar 

ae Cue at 150 

(16a) biotite + sillimanite + GuateZ es  imenitce. — 

| garnet + cordierite + Mg,Ti-richer biotite 

Tt h-telidepar - ruta les + HO 

Reaction (15a) apparently proceeded in rocks with a 

lower aluminum/iron + magnesium ratio and led €6 cordi-— 

erite free assemblages. In rocks with a higher alumi- 

num/iron + magnesium ratio, reaction (16a) would have 

occurred and produced the common assemblage with both 

cordierite and garnet present. 

There is no evidence that the Stability peed 

of cordierite was exceeded. This is supported by the 

absence of coexisting garnet + sillimanite + Guacez, 

which would have formed if the following reaction had 

proceeded: 

CMe ecordierite. > 2 carnet 49d Si llimanite 4 

Smelter . 
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Apparently, the only influence that cordierite had on 

garnet development was as a compositional modifier by 

the exchange reaction: 

(Us) 2 Mo lgarnet + 3 Fe cordierite = 2.Fe garnet 

toe MG \Cordierico. 

THE REMOBILISED ARCHEAN PARAGNEISS 

The Majox rock type exposed in the remobilised 

Archean paragneiss is metapelite. Unlike the other 

mineral zones discussed, samples here are from more 

than one mineral zone, Spanning the cordierite zone 

and the cordierite-almandine-Kk-feldspar zone in meta- 

mMOrphic’ grade. These Samples are discussed separately 

because of their polymetamorphic history. When indi- 

vidual minérals are examined, certain aspects of their 

composition appear to have remained unchanged by the 

Hudsonian metamorphism. Three orthopyroxene and seven- 

teen spinel bearing samples have been examined Ine detail, 

Individual samples contain from two to four ferro-mag- 

nesian silicates, along with CUeartz, Dlagloclace- micro: 

cline, perthite, ilmenite, and occasional rutile. Some 

of the cordierite knots have Bech caro oneen and the 

products include diaspore. Spinel is always enclosed 

WEthin cordierite and varies in abundance from sample 

to sample. 

Od 





MINERAL CHEMISTRY OF THE REMOBILISED ARCHEAN PARAGNEISS 

Biotite 

Table 15 presents 22 analyses of biotite from 

the remobilised Archean Paragneiss. Therelis 4 wide 

range in composition and only one trend has been de- 

fined. 

Influence of Metamorphic Grade. Unlike the 

biotite discussed above, the biotites in the remobilised 

Archean paragneiss show a SECONG kena in the tetra 

ReG@Val site. )ihere 1s decreasouintil=” mand eaneine 

crease in the Si/A11Y ratio across the zone. No sys- 

tematic changes are apparent in the Y-site components, 

aS was characteristic Of Bie metamorphosed Bnaee Group. 

It is therefore suggested that the trend in al1tY ob- 

Served is a relic from the original Archean metamor- 

phism (Fig. 15). | 

Cordierite 

Table 16 presents analyses of 24 cordierites from 

the remobilised Archean paragneiss. There is a wide 

variation in the composition of cordierite in eciai 

brium with spinel, but no systematic variation is seen. 

However, cordierite coexisting with biotite does exhibit 

Sige ricis. 

Influence of Metamorphic Grade. The three 

trends noted in cordierite adjacent to biotite are: 

1 i¥ 1. An increase in A with increasing 

102 
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TABLE. 15%: 

a a a 

Sample EE OF Aa 
Number 

Grade 2st OS) 

Index 

Sid, S15) GALS. 
TiO, 236 

A103 PORS0 

Cro03 0.20 
V293 O22 

Feo* US 42 

MgO 8.78 
MnO = =--==- 

CAO SS 

K50 8.43 

Rota: 93.40 

Si : SeA03 

vie 2.597 
Al 0.985 

Cr OF 024 

V 0.028 

2tbk io BUA 
Fe 22365 

Mg ee 010 
Mn eee 

Ca  — ses== 

K 12651: 
E Y-site 5.684 

Fe/Mg Ls 
mole % 

annite 42 

*total Fe as Feo 

Te ENS 

= not detected 

-contains2.58% s(OElS 38 

73498C 

i 

——_— 

_-—— 

= 0 

soe 

7347c# 

biotite adjacent to cordierite 
biotite adjacent to garnet 

10 

07 

73416G 

(8), 

bw 

hos 

DONUWOU Ff ao Nenk etme Je 

98 

~—— 

73478C 

ee a oe 

Microprobe analyses (weight %) and structural formulae 

73453C WD 0L€ 

ee oe 
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TABLE 15 (Continued) 

Sample P3239) 73239C N3200C 73 20SC J235.6 S7S4a3aP W332 MMe Number 
Grade 0.68 0.56 5 SO O50 0.49 O42 De Bil Index 
Si05 che tgs G33 34.35 SHS) 5 OR 35.46 3315) 6 Sy 35.00 35) 5 8S) TiO, Le 3358) B05 3.91 PB 3 (83 7) BYP 34 OL Al 903 gy ica ee 18.34 Te 25 18.26 1B He! wR eH) A Cr,03 0.07 0.18 0.07 #£4.----- 0.15 -----+ Os O7/ V203 Om2.0 O20 eg IG @o As 0.20 0.09 Ora? Feo* 20.78 PA AL IAS) 5 £410) 19.89 PereaG 20.84 19.26 MgO So AG TEBE 760 B45 IL@)g IgE S208 63S oe tesa tase eeoee Vee. ees ORF I97 0.05 cao BOOS Higum @ ooo SSeS a Vee See ee) Jee K.O 9.56 So BS SP em ee eee rele 6 7S 5 SC SERIES: TStal SES y 5 hts) 94.70 94.90 Vacs 94.68 BSh5 Ne Dah 7 

Si BG OAR y 35 BC 5 S50) 5.408 5a 8.0 Bo See) 5.486 allV Zanes 2.680 2.640 Oe 7 (SAAB) Bo Siwy Phe, Biles! Alvt Sia} 0.667 O}5 (S31 0.691 Ole 737 0.646 Os Oi7/ Cr 0.008 ORO Ze 0.009 © ----- 0.018 $=----- 0.009 Vv 0.025 On O25 OR On 0.018 0.024 OmOnal Oe OILS Jue Of 515 Ona Sw ORS Se 0.456 ORs219 Bhs BAUS 0.348 Fe 2.673 Fh ME 6 Sr Bheal 2.536 hs SAS) 2 OasS 2.467 Mg Do WPS 1.698 he HBS ihe GQe 2.286 2 OYL 2 sl Sho) Re eee ee eee en Gat ete 0.006 coe ssc a ee) pee Se BES Soeaee K ree Bie OLS hn HSS) eroe RCO LA SAE Ihe HiXS 2 Y-site 4 12S 3) 5 SO2 5.5, 323 56125 6 72S D5 FAT Se (GL Fe/Mg LS AE 5 Hal AG Le 32 Oe bbehs) 1S 6 mole &% 

annite 47 49 46 45 4] 47- 44 

P = biotite adjacent to orthopyroxene 
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TABLE 15 (Continued) 

Sample G32) 20 73252c¢ 72344G 72344c 72356C 73178c$ I2345¢C Number 
Grade ese Oo Bt 0.04 0.04 0 0 0 Index 
S109 37.15 36.51 351,62 5}5)\5 AG, ate? SG AS 34.13 5X6) Looe 2.46 Shes 7/ 39'S 3.98 AmtOw 8} 5130 Al203 19.238 Oey IS ihe 003 Loe 38 ee Bryon MS SL SOS ae OR ae ee | 0.07 0.24 Ores V203 O05 OFL0 0.08 0.06 Ores 0.24 Ons Feo* 18.84 18.91 209 2076 ADs WS E9393 P20) 1 OF MgO Dean Dios Ho Ue Fo 2S 8) ALS See he, Beet MnO twee ek 0.06 0.10 ----- 0) O'S 0.08 SC my. se eee eee eS K30 3,9) 9.44 S) 5 SO) 5 BY Dols hg Weel 8.62 Moca 95.92 36.00 6.56 SHS\5 JEL) 55 35 94.85 94.29 

‘shal Se Joe SO 52390 S45 S224 5.400 No 59) aliv 2.448 2.500 2.610 209, Boat US 2.600 27a) a1Vt 0.949 02528 Oms0 0.810 ls SSIS} OR i4 ORGS eS ee i a ee 0.008 Oh, WEKe! OSOUS Vv 0.006 02022 0.009 OR 00H 0.016 0.030 0.028 dye O26 0.279 0.44 O45 5 0.465 0.463 0.444 Fe 35 BSS Zito 2.047 PAO ENS 2.656 2 FHL OAS Mg Bol DS} Bey BIE MS ee 15639 2.083 ZO Ow 2288 Sh ee ee 0.008 0.013 -=---. OD007, ORO ne ME Wegener, 
eee K 7 0.0 ate Sac 1.834 ees Lr 90 tS AGNS 17 06 x Y-site 5.681 357/90 5.5 S/H 25 SHO 55 Seal 5.663 5.690 Fe/Mg 109 0.92 he D7 eG hn BF ths 7 1.40 mole ¢% aS) 

< amnite 4) 4} 47 47 46 45 46 

S contains 9.04% Cl, .00) Cia eG 
see Table l3for additional analyses 
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FIGURE 15: Diagram illustrating the relationship between biotite 
composition (atomic proportions) and grade index for 
biotites from the remobilised Archean paragneiss. 
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metamorphic grade. 

2. An increase in Mn. 

3. A decrease in Mg and a corresponding 

increase in the Fe/Mg gratio. 

these data are Shown in Figure l6, along with similar 

Gata for cordierite coexisting with spinel. 

The high value of the Correlation coctticrent 

LOY Agee increase with increasing metamorphic grade, 

coupled with the decrease in Mg suggests that: 

Ls Oeee cetera biotite exchanged iron 

and magnesium during the Hudsonian 

metamorphism. 

22 )The trend ain ail’ may be a relic of the 

Archean metamorphism. 

The evidence for (1) above is that with the exception 

of the remobilised Archean paragneiss samples, biotite 

and cordierite show the same trends for Moy and the 

Fe/Mg ratio. The evidence for (2) es bhatt pee 

the only suite of cordierites to show any trend in Al1V, 

Spinel | 

Table 17 presents 19 spinel analyses from the 

remobilised Archean paragneiss. These Spinels 208 

dominantly hercynive, with spinel ; gahnite, and local- 

ly chromite as additional Components Inv thie soiad solu— 

tion series. Magnetite solid solution is less than 53 

and, with the exception of two localities, chromite is 

107 
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TABL E 16: Microprohe analyses (weight 
(based on 18 

cordicrite adjacent to spinel 

Sample I3hITS 
Number 

Grade BOS 
Index 

Sio, OVOP os hs 

A150, Bio 

Feo* 9.49 

MgO 6.62 

Mno OnaL 

K0 0.07 

Na>z0 SSS 

Total 5555 

Sa 3.5 (CKO) 7/ 

At’ 0.993 

a1v? 3.069 

Fe OR 6s7, 

Mg ib 5 (212 

Mn 0.010 

K 0.009 

NA wee 

tex-Site 4.967 

Fe/Mg > 05 HO) 

mole % Fe 45 
Cordi- 
erite 

*total Fe as Feo 
Cas 

B= cordierite adjacent to biotite 

7333 2B 

2205 

48.44 

SE) 

Oxygen ions) 

7337658 

e203 

49.46 

Evia eyf 

me ee ee 

73475 

108 

734788 

4650/3 

32655 

TE 2) 

97 20 

4.920 

£.080 

Nw e iXe) fon) Les 

———- = 

— a oe oe 

734538 

48.84 

Seiales 

98.68 

32016 

0.984 

%) and structural formulae 
Of CORDIERITE from remobilise d Archean paragneiss 

734533 

48.85 

J2a50 

T3305 

0.76 

48.34 

32599 

ald. 

Tee 

0.32 

ee me ee we 

oe 

— oe ee 





TABLE 16 (Continued) 

Sample 
Number 

Grade 

Index 

S10, 

Al 0 
203 

Feod* 

=r Y-site 

Fe/Mg 

mole % Fe 
Cordi- 

erite 

i aes oS 

0.68 

47.36 

35103 

Ree | 

4.902 

1. O98 

2e945 

0.763 

13 Se 

0.016 

— ee 

— oe ee ee 

732385 

0.56 

48.49 

Syrige Sal 

ee ee ee 

SS. 13 

eOL.5 

0.985 

3.027 

0.786 

LAG 

0.014 

0.005 

— a oe ee 

73238B 

0.56 

48.45 

22.05 

me ee ee ee 

732088 

—— 

103 

73208B 

0.50 

48.76 

32.89 

9.35 

Jeet 

0.08 

0.13 

OR OZ 

55025 

See 

732058 

100.03 

4.991] 

i009 

em we we 

73205B 

9.9 2 403 

oe vs 

Leas 
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TABLE 16 (Continued) 

Sample VILLE fae LoS W32L2B 9732528 723445 72344B 723565 72345S Number 
Grade Beis 1 Ono 023d Ones 0.04 0.04 0 0 Index 
Sid, 48.33 aoe 48.88 49203 48.10 48.37 Bd eng 47.36 
A150; Spay | eee Sly) Sipe A) 33.08 5308 Besa 3224 APRN 
Feo* 1283 1320 126 8.41 10.66 10.24 IES) 9.24 
MgO 6.27 6.44 6.38 8.41 Gad 6.95 8.06 8.18 
MnO O.1) O.11 0.09 Oe22 0.129 0.35 On 7 0.26 
K,0 0.07 0.09 CEOS 0.04 0.07 0.07 ----- -~-+- 
SEE a oe ee ee ae ee 
Total OoniGr 00.2 4 95795 Oras RSI a 98.82 937-36 97299 

Sa Dele 3.024 5.009 5.04 42970 D002 4.898 4-923 
mee 0.988 0.975 oy ekenl 0.986 175030 O99 8 Pei02 OT 
Avi 2a 50 a 023 5-080 Pads yaya) Zi 999 3.004 2.963 Ze oo 
Fe | 1.026 O7957 07905 0.726 (Ole S)anib 0.885 02845 0.803 

Mg 0.3969 0.981 OS Lee Ta, 065 O72 eas 1.268 
Mn 0.009 0.009 0.008 0.018 0.026 0.031 0.016 0.023 

K 0.009 OF012 0.006 -~--- 0.009 0.009 ----- —---~~ 

SEE a ae ae OO a ee eee 

Fe/Mg TESS 0.98 0.99 O57 0.86 Oss 0.68 02 63 

MOLeuese ne Sil 49 50 36 46 45 40 39 Cordi- 
erite 
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ZFE CORD 

4YY.00 

36.00 
-0.10 

FIGURE l6a: 

0.30 0. 1.30 1.90 2.30 

Diagram illustrating the relationship between cor- 

dierite composition (atomic proportions) and grade 

index for cordierite adjacent to biotite from the 

remobilised Archean paragneiss. 
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9.10 0.30 9.70 1.10 1.50 1.90 2.30 
GRADE INOEX 

FIGURE 16b: Diagram illustrating the relationship between cor- 

dierite composition (atomic proportions) and grade 

index for cordierites surrounding spinel from the 

remobilised Archean paragneiss. 
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TABLE. 17: Microprobe analyses (weight. 3) and Structural formulae (based on 32 oxvgen ions) of SPINEL from remobiliscd 
Archean occ rom remobilised Archean paragneiss ee Paragneiss 

Sample P3Sae T3376 73498C 7347 73478 73453 73239 
Grade 2205 2.03 shay} ON, 0.93 0.89 0.68 Index 
Al 203 BOO eRe yf 48.42 S923 Sil a IL Syn Ae Sel, Sls" Fe203* ##----- On: Oreo Oe Sat 0.48 0705 ibs He) Cr203 OFS Dis ab 8.46 0.08 O%53 0.07 Bis JES V203 0.48 0.46 Ib. (HE 0.06 O07, 0.19 O30 Feo 2.676070 23605 37.08 25222 33.09 he OS SSEco MgO SS 204 0.86 ORS Et 1.90 2.89 "3,55 MnoO 0.09 0.08 ----- 0.10 0.14 ORS Bh, Ike! NiO Oe AS 0.04 0.04 OOS eres 0.09 0.08 ZnO Iz Lon 53 0.88 Bee hears a D363} ¢/ 6.19 ies. 6 Total 99240. 100.69 99.6 101 249 59.95 hegre: cena Wel eae 

Al 15.918 15.847 13.841 15.883 15.781 153945 15-630 Foto) ae 2 05025. “0.014 0.091. (o2084 0.009 0.288 Cr 020545 05039 1°622- 07 01s 6000 Odie 60.627 05090" “0069 0.323. 02011 6.014 0.035 0.054 Fet2 5-260 €.452 7.522 4.795 6.393 5982 Gey Mg OO) O28 sO 3125 0.9158 Oeeat 0.983 1.190 Mn CAULde 00015. wo ees 0.019 0.028 0.024 9.027 Ni 0.030 0.008 0.008 0.010 9.029 OnGi7) moro ls Zn 2401Gq “2.8220 0,158. 92.2617. GO o75 120445 SOG Fe/Mg ike Hesse oO 24c1 1: 5.24 9.82 6.03 5.36 Zn yak W025 9) 406385 0.020 0.283 0.114 0.131 0.049 “mole 3 0 0.16 134 0.57 0.53 0.06 1.80 magqne- 
Elie 

*Pet3 calculated to the ideal spinel structural formula C = chromium rich spinel 
SOlSS = not detected 
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TABLE 17 

Sample 

Number 

Grade 

Index 

Al z03 
Fe503* 

Cr 03 

V203 

Feo 

MgO 

MnO 

Nio 

ZnO 

Total 

Al 
Fats 

Cr 

Vv 

Fet2 

Mg 
Mn 

Ni 

on 

Fe/Mg 
HESOYL DY, 6 
mole % 

+2 

13238C 

(Continued) 

73208 

——-- ~~ 

ee ee ee ee 

Ww 

OWOONWOCODH e 86° oy © '¢ .@o 6: 6 

ww pon 

=) ro] 

fe 

9OOMDNDDDOOHNGCOCONMN 

of 6 - s OE OF Car 8. 624 6 

| We} oO 

46 

Li4 

0.15 
O05 
30.89 
ep de) 
OFi2 
0.08 
= Sk) 
Sr 7 

15.680 
0.283 
0.027 
0.010 
55 9:0 
05597 
0.023 
0.014 
1.456 
9.90 
0.182 
Lint 7 
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TABLE. 17 (Continued) 

723449 73178c 73178 

Odes 2 99.40 100.86 

US sj 9 7 Sela 56.60 a) 

6.863 6.912 6.743 
0.810 Ose ee OG 
0.052 0.065 0.048 
0025 0.028 0.046 
OZoS aes) Crema. 
8.47 8.96 6.37 
0.032 0.027 0.015 
245 1.67 1.04 

ie 

72345 

0 

uw 

0s) 

CHOOWROOKHL J eo: -6 ee 86¢ 

No ~ 

oO 

@ ~) 

— 

Lia RIMS) Lao (S| en (any (es) toy (0h) 

| Gewed Seer Dk he my -_ @# @ >. «@ 

ce) \o lee) 

USEPA 

0.168 
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ANTITE 

20.00 

ZAGAHNITE 

00 

PIGURE l/as 

1.50 1.90 2.30 0.70 1.10 
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Diagram illustrating the relationship between spinel 
composition (atomic proportions) and grade index for 
spinels from garnet free assemblages from the remobi- 
lised Archean paragneiss. 
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FIGURE 17b: 

7.00 

ZGAHNETE 

. 00 

9.10 a. 30 0.70 1.10 1,50 
GRADE INDEX 

Diagram illustrating the relationship between Spinel 
composition (atomic proportions) and grade index for 
Spinels from garnet bearing assemblages from the 
remobilised Archean paragneiss. 





present only in trace amounts. The spinel occurs as 

rounded grains in large cordierite crystals, sometimes 

along with sillimanite prisms. ‘They are homogeneous 

from core to rim and are usually less than 50 um in 

diameter. Plate III shows the associations 1 which 

Spinel occurs. The chromite rich (v 20%) spinels occur 

within hydrothermally altered cordierite and are accom- 

panied by diaspore. 

inituence of Metamorphic Grace.) Thereri Ss. a 

strong correlation between mole per cent gahnite in 

SOI desolulion in the sspanel phase, and the distance 

from the thermal dome. As distance increases and meta- 

morphic grade decreases, mole per cent gahnite increases 

and modal spinel generally decreases. Pigive bi shows 

this relationship. No other component in the spinel 

shows Such a Correlation (e.g., MG/PRe;, V 52 Mir. Cr).. 

which suggests that as the grade of the Hudsonian meta- 

morphism decreased, it is the per cent reaction of 

Seine to cordierite that controlled the composition 

of the remaining spinel. This illustrates the gradual 

disappearance of a phase by continuous reaction. There 

is a gradual decrease in the Mg/Fe ratio, which is pro- 

bably due to the distribution of the Mg into the cor- 

dierite and retention of the Fe and Zn in the Spinel. 

Comparative Discussion. The only Seu be on 

spinel-cordierite relations in the literature is elehe 
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Spin 

PLATE. [il 

el-cordierite-silliman
ite relations in samples £COm eile 

wig : Season end eee 

remobilised Arcnean paragneiss. 

Sample 72345. Spinel-black, high relief and 

sillimanite-fine needles sitting in a large 

cordierite porphyroblast. On the right side of the 

photograph the cordierite shows pinite alteration. 

The surrounding matrix igs composed of quartz, mLcro- 

cline, plagioclase and biotite. Crossed nicols. 

Scale bar = 250 microns. Grade index = 0.0. 

Sample 72356. Spinel-black, dark grey in a large 

cordierite porphyroblast. Crossed nichols. Scale 

bar = 250 microns. Grade index = 0. 

Sample 73478. Small spinel grains (dark gray) in a 

twinned cordierite porphyroblast rimmed by quartz. 

The matrix is composed of K-feldspar and biotite. 

Partially crossed nNucoLs. Scale bar = 50 microns. 

rade index = 0.93. 
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of Henry (1974), on the garnet-cordierite gneisses near 

the Egersund-Ogna anorthosite intrusion in southwestern 

Norway. The Pressure-temperature conditions deduced 

for that area are much higher than for this study area, 

but certain aspects are comparable. Henry noted that 

Bpine occurred only ine thetcore. Ofcordlerttte gratis 

and that the cordierite appeared to separate plagioclase 

from spinel. He deduced that the cordierite was pro- 

duced by the reaction between spinel and plagioclase: 

(LO peo laAgioclase: 4 spinel > COrdierite, + (Fe,Mg) 

spinel (54) + Ca, Na, Kk in solution. 

Henry's spinels are a hercynite-spinel solid solution 

with minor chromite and magnetite (< 52). No gahnite 

molecule ie veported: but low analytical totals suggest 

that it may be present. 

As Henry's plagioclase-spinel reaction to cor- 

dierite proceeded, the residual spinel was richer in 

hercynite and chromite, and depleted in the spinel 

molecule. His most reacted Spinels consisted of her- 

Gynt eno, Chromite 7, spine! oe Magnetite 3. dn 

the Arseno Lake area, the least reacted spinel is her-— 

CyAlerr Saws Spine) io.) Magnetite 1, and Gannitre 1.5. 

Henry (1974) deduced temperatures in the range of 750 - 

50 VC. and: a pressure of approximately 6.3 + 0.5 kbar, 

Hsing the method of Currie (1071, 1074). he tempera- 

ture deduced for the Arseno Lake area 2S about 650 — 

LS 
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700° €. and a total pressure of 4 + 0.5 kbar (see Part 

Lit). Thus Stine spine l=cordieri te association in the 

Arseno Lake area may be similar in OEroiny. Vina 

spinel-plagioclase-cordierite reaction relationship) 

co. that in the Egersund-Ogna area. 

Garnet 

Table 18 presents 6 garnet analyses from the 

remobilised Archean paragneiss. There is a tendency 

for Fe to decrease and Mg to increase with increasing 

grade. Ca is nearly constant and Mn is Variable, but 

BnOWs NOW trend with grade. The data a4 shown on Figure 

18, although. there is insufficient data EQ relay 

predict the role of metamorphic grade in determining 

the garnet composition in the remobilised Archean 

paragneiss. 

CONTROLS OF MINERAL CHEMISTRY IN THE REMOBILISED 

ARCHEAN PARAGNEISS 

With the exception of the relic ail’ content 

Of biotite and cordierite from the remobilised Archean 

paragneiss, and the progressive increase in Zn in 

spinel, no trends in mineral composition are document- 

ed. The trends observed in biotite and cordierite from 

the cordierite-almandine-K-feldspar zone are absent 

from equivalent grade remobilised Archean paragneiss. 

Metamorphic Grade 

The increase in Zn in spinel with decreasing 

Je2 
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TABLE 18: Microprobe analyses (weight %) and structural formulae (based on 24 oxygen ions) of GARNETS from remobilised Archean paraqneisses ee EAN Paragneisses 

Sample 73478 73235 ~739050 
Number 

Grade 0.93 OuGre (10007 
Index 

Sio 35.84 S6so eee kt Msp 20,96 20007) oie 
FeO* S705 a5 39) ee os 
MgO oes 3.44 Aa; 
MnO 2.59 Ps 2.48 
Cao 0.89 0.94 0.92 

Total 99.58 99.75 100.91 

S877 52900 65.032 
allv Oe. 000 == 
ALVi 3.928 3.913 S967 
Fe 52002) 94.887 94476 
Mg 0.550 O58 3c Oly 
Mn O36 1 One 92 0.334 
Ca 0.156 0.164 0.156 
zr X-site 6.149 6.176 5.985 
Fe/Mg =: 9324 Se e7, 4.403 
mole $ Alm 82.6 TO 7 AIAG 
mole % Py 829 1355 L7.0 
mole % Sp Sieg 4.7 SG 
mole % DRS Qed Phe § 

Gr + An 

*total Fe as Fed 
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SIGMA AL 
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FIGURE 18: Diagram illustrating the relationship between garnet 
composition (atomic proportions) and grade index for 
garnets from the remobilised Archean paragneiss. 
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metamorphic grade is controlled by the grade of the 

Hudsonian metamorphism. Along with the increase in 

Zn, the amount of Spinel decreases with decreasing 

grade. Since the spinel is only found within cordi- 

earre, toe lsomiy apparent reaction that could have 

occurred was: 

(20) Mg,Fe-spinel + quartz > cordiverite + 

Z2n-spinel. 

The absence of systematic variation in the other 

phases analysed Suggests that the Hudsonian metamor- 

phism was either not long enough, intense enough, oF 

‘wet! enough to effect complete LEGrVS taslization jor 

the pre-existing Archean metamorphic assemblages. Thus 

what is preserved is a partially re-equilibrated system 

where Hudsonian metamorphic trends have not developed 

and Archean metamorphic trends have noe been completely 

obscured. 

Conclusion 

whe results obtained from the remobilised Archean 

paragneiss have yielded two Ponte Of pumteresteehire:, 

the Zn “content of spinel, as a function of the grade 

of the Hudsonian metamorphism, is a good example of the 

Slow disappearance of a phase by a continuous reaction 

Wieceabove).aeitlalso illustrates the role of = Single 

ecmponent in the stabilization of a phase. In the same 

way that manganese stabilizes garnet at low grade, the 

Anas 
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Presence of Zn apparently stabilizes Spinel at the 

conditions of the cordierite zone. Second, it is 

important to note that certain compositional para- 

Meters “e.g. allv im Diotice and cordierite) first 

imposed on a mineral in one metamorphism, can persist 

even when the rocks are involved in a second meta- 

morphic event where upper amphibolite grade condi- 

tions were reached. This may be a function of the 

COMpPOSition of the fluid phase present during the 

Hudsonian metamorphism. 

As discussed earlier (Penateaisie pp 34-36 a meta- 

HMOr phe Fluid with a low aCriviey of #0 Nay Teserver the 

rate of intergranular diffusion of many components and 

consequently will reduce the distance Over which exchange 

of components such as Al,;Fe, and Mg can brocede.. “As well, 

Selisalirusion sot components to and from the tetrahedral 

sites of phases such as biotite and cordierite may be re- 

stricted by the energy necessary to break the Al-O bonds. 

Thus, the observed altY content of biotite and cordierite 

in samples of the remobilised Archean paragneiss may have 

been preserved because the metamorphic fluid present was 

Laeger CO, and there was insufficient energy to induce 

PUVeritusion out of and Si dittusion inte biotite and cor- 

dierite tetrahedral Sites. 
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PART, tit: “CONDITIONS OF METAMORPHISM 

COMPARISON OF THE METAMORPHISM OF THE ARSENO LAKE AREA 
AND THE ABUKUMA PLATEAU 

The Sequence of mineral assemblages developed in 

the Arseno Lake area in the Snare Group metasediments 

is analogous to that observed in the metapelites from 

the Abukuma Plateau (Miyashiro, ie ou eo or 19615) Shido, 

oon ao and Miyashiro, 1959). (Table 19) 

ihe Arsene Lake area, like the Abukuma Plateau, 

shows the following sequence of mineral assemblages 

(in each assemblage, the key index minerals are under- 

lined): 

1. Biotite - muscovite - chlorite - Guat ie. 

2. Andalusite - biotite - muscovite - chlorite - 

quartz. 

3. Andalusite =< Cordierite - biotite = 

muscovite + chlorite - quartz. 

feos imenkcte — Cordienite = biotite = 

muscovite - guartz + andalusite. 

9. Sillimanite - cordierite — biotite - 

orthoclase = quartz. 

In addition to the above prograde assemblages, the Arseno 

bake areGa is characterised by a sixth prograde assemblage 

not found in the Abukuma Plateau: 

6. Cordierite - biotite - almandine - 

Orthoclase - quartz. 
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TABLE 19: Comparison of the Arseno Lake area with the Central Abukuma Plateau. See SOLE AU 

CENTRAL ABUKUMA PLATEAU ARSENO LAKE AREA 

chlorite + muscovite chlorite + muscovite 

biotite + muscovite biotite + muscovite 

Spessartine rich garnet spessartine rich garnet 

andalusite + muscovite andalusite + muscovite 

cordierite + muscovite cordierite 

Sillimanite + muscovite Sillimanite + muscovite 

Sillimanite + K-feldspar Sillimanite + K-feldspar 

almandine rich garnet almandine rich garnet 

eperib otydrouejoaw Hhutseorout almandine garnet + cordierite + 
K-feldspar 

10-20 km wide 15 km wide 

1.0-4.0 kbar P range 2G. nica t 

300-800°C T range 350=-725°C 

Igneous Association 

abundant granite minor granite 

Z in situ migmatites scarce in situ migmatite 
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Other major differences between Lots area and 

the low pressure metamorphic belts in the Abukuma Pla- 

teau are: 

1. Lithologies: The Mayor rock type in, the 

Abukuma region is metamorphosed basic 

volcanics with abundant hornblende. The 

Arseno Lake area is dominantly metapelite. 

2. Peak metamorphic grade: As mentioned 

above, the Arseno Lake area recorded a 

higher peak temperature (as deduced from 

the assemblage cordierite-almandine- 

K-feldspar) than: the Abukuma Plateau. 

3. Amount of granitic material: There is 

a much higher proportion of granitic 

Material exposed in the metamorphic belts 

of the Abukuma Plateau than in the Arseno 

Lake area. Also, as mentioned earlier, 

anatexis and in Situ Migmatites are rare 

in the Arseno Lake area. 

4. Oxygen fugacity: MER (9 3) ee OF 

1961) reported the presence of magnetite 

and ilmenite from the andalusite-silli- 

Manite facies series rocks of the Abukuma 

Plateau. Magnetite was not formed in the 

Arseno Lake area, therefore, top) niet gel hie 

area must have been lower for a given set 

Ie] 





of en ac | condat one. 

Jee COMPOSItTOn of the metamorphic fluid: 

Although Miyashiro (1953, LOS85- 961) 

suggested that PH50 was lower than Loge al 

in the Abukuma Plateau metamorphism, no 

quantitative estimates of the fluid conm- 

position were given. In the Arseno Lake 

area, preliminary fluid inclusion studies 

Suggest that CO, Was ad Slgniiaveant. com— 

ponent in the fluid phase, especially 

in the upper Cordierite and the cordi= 

erite-almandine-K-feldspar zones. 

RESTRICTIONS OF THE METAMORPHIC FLUID COMPOSITION IN 

THE ARSENO LAKE AREA 

The composition of the metamorphic finiad present 

during the crystallization can be estimated from several 

types of observations. These are outlined below. 

Milo sc Mis tons 

The study of primary fluid inclusions present in 

metamorphic assemblages may provide data on the compo- 

Sition of the fluid present during metamorphism. Under 

Vesa conditions, ther lus trapped as primary inclusions 

may even be a sample of the fluid present during the 

Crystallization of the host mineral (Roedder, 1965, 1972; 

Roedder and Skinner, 1968; Hollister and eee O47 6) 

In the upper cordierite zone, the cordierite-almandine- 

130 



2 i as 

= | | =? 

baa | 

aia’ s 
Sd asa abe? : 
are Geert) wee

 

Re a nae 

1 ode PGlCusP He pie tT em
it AP pate,” 

Vepun@_ ante Tat eangess Se ru nsia
weut : 

ie a 

; 

Sad Vena ye OR \e? aol cae foes Lec’. ca 

_ 

min @ceuipe » ) (hantebiong «o@te : 

b. Vikee aap cite-saas = 7 

7 
4: Gad . eR Pucahs Gorin et“ Oars] 

re Gs OO “BERS eis iu 

ks: 5) eee aa) taanatl e172 118 

ques =ig Trevwsiainrt= cit. Wie fs 

padi, GRAS OMESRA 
- 

Ae =a = ‘i aE &!3 Lachey eit 

:, 
7 my 

aperias 3 5s 1 er eee a aah at a 

. ase eed so tiee vont ir a 

4. ee mit ivemSe.ee Yau DE we 

aaa 

? j 5 SRT AL *ol oe ee getcanee ied 4 nin 

v= wad Galhw Seetese = ous 408 

>t) OP Cae ee 
. 

oo oe S40; =ni@i¢ 

iano neinis Sane aaa 
» atig panda rrarniyat peak Sewn 



Kate ldspar zone, and the remobilised Archean paragneiss, 

primary fluid inclusions in quartz appear to be pure 

CO,, mainly in liquid form and commonly with small CO. 

gas bubbles included. Trains of secondary inclusions 

commonly contain an HO + co, mixture and some H.O rich 2 
secondary inclusions have been observed. Primary fluid 

inclusions in quartz from the lower cordierite zone and 

the biotite zone are nearly pure H,0 (Plate: IV) . 

Thus, a change in composition of the fluid trapped 

In gpeimery i iuid inclusions has been observed across the 

Arseno Lake area, going from HO rich in the biotite zone 

to almost pure co, in the cordierite-almandine-k-feld-— 

Spears 2zone (Tanle 20), 

Absence of Anatexis i 

A second observation which can Seorie informa- 

E1on len the. £1luid composition is the amount of anatexis 

which has occurred in upper amphibolite grade metamor- 

phism. Winkler and von Platen (1960), von Platen (1965) 3 

and Winkler (1970) have shown that pelites and graywackes 

Can (begin tO melt at-about 685° Cc. ce 2 kbars = PH50 = 

Seer eS At higher Piyor the minimum melting temperature 

decreases. 1f, however, PDO < Le reac ChenerOn acqiven 

Pr otaL! the corresponding temperature at which melting 

begins increases. This effect was assessed by Kerrick 

Vlo/2)) Torethe system qkartzZ-albite-ortheelase-H.0-Co.. 
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TABLE 20 : Compositions of primary 
observed in quartz ee Oe Be 

Number 
Sample Grade Composition OL 
Number Index Primary Phases 

Tonle Cwes: COs 2 

os Sear 50 vl 
HI TA. 2.94 H,0+CO,, 2 
eas 2s 39) HO i 

7269 Zwea H,O d. 

E3894 2 H,O+CO, 2 
WAS Be AGG) H,O7rCO 2 

Ty Ge ae) 3 CO, 2 

eo 20 HO al 
TR Asis) oo H,0 al 

L256 yesO.5; H,0 it 

Ceeewe ISS) HO 1 

73148 Oro. HO il 

12368) 44 co, a 

7347 Na Gee) co, i 

F239 Lie AOS, CO, i 

73486 Uae) CO, 2 

Sl G eee CO. 1 

73430 G296 CO 2 

73104 0.94 CO. 2 

T3L5 3 0.94 CO. 2} 

73478 Ge 33 CO. 2 

-73483 Oro 3 CO. 2 

73479 Ghose hee CO. 2 

LOLGO 0.0 cO., A 

es Oo 4 co, a 

Lez 

fluid inclusions 

Mineral 

Assemblage 
zone 

Cordierite muscovite 

Biotite 

Cordierite 

Biotite 

Biotite . 

Cordierite muscovite 

Biotite 

Cordierite-sill-K-spar 

Blotite ae 

Biotite 

Cordierite 

Almandine-cordierite- 
K-Teldspar 

Almandine-cordierite- 
K-feldspar 

Cordierite-sill-K-spar 
" t "W W 

" Ww " " 

Almandine-cordierite- 
K-feldspar 

Cordierate 

Almandine-cordierite- 
K-feldspar 





TABLE 20 : Compositions of primary fluid inclusions 
observed in quartz 

Page 2 

Number Mineral 
Sample Grade Composition Oa: Assemblage 
Number Index (Primary) Phases Zone 

7368 0.74 CO, +H,0 2 ‘Cordierite 
(eave 0.44 (6) 2 Almandine-Cordierite- 2 

K-feldspar 

73243 0.35 co, 2 r* L 
fo 26 Once. CO 2 Cordierite-sil-K-spar 2 

RAP 
73445 OR29 CO, 2 Calc silicate, — 
T3228 0.2.9 CO i Almandine-cordierite- 2 

K-feldspar 

T3252 Oe ea tk CO, 2 2 "RAP 
12343 0.01 CO,+H,0 2 i a 
12456 0.0 CO. Z "RAP 
72345 0.0 CO. 2 Hy "RAP 

RAP = remobilised Archean paragneiss 

TEENS, 
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PLATE iV 

Fluid inclusions from samples from the almandine-cordierite- 

K-feldspar zone. : 

Re Sample 72345. Two phase single component fluid 

inclusion. © small CO, vapor bubble sitting on a 

large volume of CO Pigu de gee ie inclusion is found 

in a quartz grain. Plane polarised light. Seale 

bar = 62.5 MLCcrons. 

Be Sample 73483. Fluid inclusion in quartz grain.) 4 

single phase is present and the low relief suggests 

Ehac as H,O. Plane polarised light. Scale bar = 

25 mi erons- 

(es Sample 73483. Three two phase CO inclusions like 

those in A. These fluid inclusions occur in tne 

quartz grain shown in Plate 20. Plane polarised 

Igqnt. ocele ares 225) NLeCrous:. 

De Sample 72356. Series of one phase CO ech 

inclusions in a quartz grain adjacent to garnet. 

Plane polarised light. Goale bar = 2-3 MiLcrone. 
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Scale of Equilibration 

As discussed in the section ony CONCrO1s Of Mineral 

chemistry, the composition of tie Miia phaser 1s 4 major 

factor=in determining the rate! of Cransport Of Cations or 

cation complexes from a reaction site to a nucleation and 

growth site. Qualitative information on the solubility 

Of Various geologically important Species 1sraval labile 

(Mueller, 1967: Vidale and Hewett, 1973; Hofmann. et eulse 

1974). Thus, we can predict that calcium and, to a 

lesser extent, magnesium are more soluble in a CO. tgulfatol 

Piva ethan an 4,0 Cele Conversely, potassium, sodiun, 

iron, Manganese, and titanium are more soluble inet 

HO Pech wad. 

Thus, by examining the scale of Cour oeactone ot 

ferro-magnesian Silicates, a qualitative inference may 

be drawn regarding the nature of the tluid present during 

equilibration. In the cordierite zone and the cordieri te— 

almandine-K-feldspar zone, where eq ulLTuOriumMe1 esecetas— 

lished On a small scale, it can be inferred that ore 

metamorphic fiuid had a low mole Prone Of HoO0. 

Mineral Assemblages Present 

In a metamorphic terrain, the mineral assemblages 

Present and the width of the transition zone between two 

mineral assemblages on opposite sides of a discontinuous 

reaction, can provide information on the nature of the 

Piuid phase. A-sharp boundary (narrow transition zone) 
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across a discontinuous dehydration reaction isograd could 

indicate that the composition of the metamorphic fluid 

Woes vexternally controlled. This) as what is observed in 

the Arseno Lake area for thé second sillimanite isograd 

Yeaction. There are very few samples which contain the 

equilibrium assemblage Sillimanite + K-feldspar + quartz 

+ muscovite + plagioclase. Again, this suggests that 

asic Protal: 

GARNET - BIOTITE - CORDIERITE GEOTHERMOMETRY 

The widespread occurrence of phase assemblages 

mNeludi ngs b1Ottte. cordierite, and garnet as palms Oss 

with all three phases present, has long been of interest 

to metamorphic petrologists as a potential geothermometer 

and/or geobarometer. 

Gernet-Biotite Geothermometry 

The most common association of the above minerals 

tsethat Of biotite plus garnet. This was Ene first man 

eral pair to be tested as a geothermometer. Saxena (1969) 

compiled compositional data on coexisting biotite and gar- 

net from several metamorphic terrains covering a wide 

range of metamorphic grade. He examined the dist eipue von 

of iron and magnesium between coexisting garnet and bio- 

tite by assuming an ion exchange equilibrium reaction: 

(21) Fe3A17Si30;9 + KMg3A1Si3019(OH)> = 

Mg3A12Si30)2 + KFe3A1Si,0j, (OH) 5. 

The distribution coefficient on one cation ex- 

oy 
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change basis was: 

Ky = Xo x (d= Xop)/ (1 mee, On ae sae 

where XB; = be7 (he toMg) invbiot. tote te then used 

regression and principal component analysis to study 

the chemical data on 93 coexisting biotite-garnet Dalre. 

Eigenvalues and eigenvectors were used to obtain values 

of transformed distribution coefficients, which he found 

COebe Signi ficant an distinguishing between rocks formed 

at different pressures and temperatures. Saxena arrived 

at a 'transformed distribution COSEPUCHenL ssobtai ned by 

principal component analysis; which is shown below: 

Fe intone K = 5 - Transformed Ky Ore 5 Os Ky Ora? Xoe + 

ca Fe Mn Ca Oal50'6 Xa = 0.3474 Xap + 0.0856 Xa 

BLY 1V1 i DWE Cie, mean nenuse cen yd ene Bl Bl Bi 

The pressure dependence of the transformed Ky 

was neglected, and an attempt was made to relate the 

Valuer or the transformed Kp to temperature of metamor- 

phism. The calibration of the garnet-biotite geother- 

mometer was based on three values of temperature, one 

each for charnocki te. (600° ¢C.), upper saqentino Wee (5:00 

C.), and epidote amphibolite (400° Crt) me A ee esc ha 

of present knowledge of the physical condition of upper 

amphibolite to granulite facies metamonphism, these 

calibration temperatures are too low, by approximately 

Oe ie 0 Oia, 

Temperatures calculated using Saxena's method are 
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shown on Figure 19 and summarized in Table 21. These 

temperatures appear to be Consistently, too low. This is 

MOSt probably due to: 

1. Saxena's temperature calibration was 

based on estimated temperatures, not 

experimentally determined equa libri. 

This is complicated by problems in ob- 

taining the temperature estimates used 

£Or calibration. ror example, if the 

feldspar geothermometer of Bane (944) 

is used, &@ Maximum temperature of 600° 

C. is obtained, even though the temper- 

ature of equilibration may have been 

Simi ucanuly sia cier yee. upper amphi- 

bolite-granulite metamorphism) . 

2, Errors were introduced in computing the 

transformed K because the terms related 

LOT Une esubstitutvon of Mn, Ca, Ty ete. 

for Fe and Mg were empirically determined. 

This problem could cee be treated thermo- 

dynamically since no solid solution data 

for garnet and biotite were available 

LO oaxena (1969). 

More recent work on garnet-biotite geothermometry 

has been done by Tienes om sors a, 1976 a,b). He Ssynthe- 

Sized all of the available data on GaGneewand sOloOGl te soll 
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TABLE 21 : Temperatures calculated using the relationships 
of Saxena (1969) and Thompson (1976b) for co-existing biotite and garnet ee Oe ete) gare 

Sample Grade 
Recalibrated Number Index Thompson Saxena Saxena 

73280 Pea! 580 390 440 
7248 Da35 420 305 355 

73402 oa 500 420 | 490 
7255 1.99 505 330 380 

73366 1.64 570 490 580 
7345 1500 540 480 570 

73416 0.98 565 550 660 
73478 0.93 550 390 440 
73451 Ber 600 480 570 
73239 0.68 600 515 620 
73157 0.54 500 375 425 
18202 0.46 620 405 560 
P3221 0-33 640 520 640 
73252 al 615 525 640 
12345 3 On0 680 485 600 
7235 0.0 655 495 620 
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55.00 55.00 

45.00 FAXENA 2(xX107') 
< 

SAXENA 1 

vs f iS r 
9 L | 

i 

= ie 
Pee, 
5 r f w | 

ee i 

= t Tt 

Qa 
oO 

a ee ee ee eres ree eee ea 
70.10 0.30 1.50 1.99 2.30 0.70 1.10 

GRADE INDEX 

FIGURE 19: Diagram showing the relationship between temperatures 

(° C.) and grade index for garnet-biotite assemblages. 

Temperatures were calculated using the data of Thomp- 
son, 1976b (THOMPSON (x 107!)), Saxena, 1969 (SAXENA 1), 
and the recalibrated data of Saxena (SAXENA 2 (x 107l)). 
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solution and calculated the free energies of the ex- 

change reactions. Using these data, he derived a rela- 

tionship between the natural log of Kp and 1/T° x. 

Thompson's Kp is defined as: 

Peo. Dee Fe eS 

where xFe& = He/ (re, + Mg).c* Vthe relationship used 2n 

the Arseno Lake study is: 

EOeK res o250ex lOc imennes tous Ol ior! s 
Mhegetror asSigned to the results Ge + 50° c. (Thomp- 

BOUymuguOa,  hracey So cl vane Oh) eee 

Temperatures calculated using this Lelationship 

are given in Table 21 and plotted on Hugqure —1:9) 

Garnet-Cordierite Geothermometrv 

The second mineral assemblage to be investigated 

aS a possible geothermometer was the assemblage garnet- 

cordierite-sillimanite-quartz. This SYStLeEM was slips 

studied experimentally by Currie (1971). Currie) con= 

sidered Se exchange reaction: 

(18) 3 Fe-cordierite + 2 Mg-garnet = 

3 Mg-cordierite + 2 Fe-garnet. 

He assumed that both cordierite and garnet form an ideal 

solid solution of the iron and magnesium end members. 

Fe then conducted a series of experiments, using syn- 

thetic cordierite of varying Fe/Mg ratios, to investi- 

peorsderivation of this relationship, see Appendix: 
Numerical Methods. 
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Gate the pressure dependence of the cOrdleri te break- 

down reaction: | 

Gly) 3 9cordlerite: =] > Garnet a 4 sidiamanice + 

Se Uate oe 

Five weight per cent H,O was added to all of the charges 

Inmgorder to facilitate reaction. From the experimental 

data, he constructed a series of isothermal P-X diagrams 

showing the composition of coexisting garnet and cordi- 

Suc erer saline relationship between T° K. and Ky derived 

by Currie is: 

= 45 157 (6387 =" ns Ka) e 

where K = oe x e/a x ae The estimated accuracy 

Ste ehic relationship is 2 50° c. (Corrie oie 

Applicacion of {his relationship to the cordi- 

erite-garnet data of this Study produced the temperatures 

Shown on Figure 20 and summarized in Table 22. 

Hensen “and Green (1971, 1972, 1973) investigated 

Ene Stability of cordierite and garnet in model pelitic 

systems with varying Al/(Fe + Mg) and Mg/ (Fe + Mg) 

ratios, in the presence of constant weight fractions 

of Na and K and varying amounts of Ca. The major dif- 

ference between the assemblages they produced and natural 

assemblages is that the experiments were run in the 

absence of water and no MnO was included in the starting 

Materials. 

Results obtained by interpolation and extrapola- 
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PABLEO) 2205": Temperatures calculated using the relationships Of Currie (1970 1) Herneen and Green (1973), 
Hutcheon et al (1975) and Thompson (1976b) BOG co-existing garnet and Cordierite ee ee eG COralerive 

Hensen Sample Grade Hutcheon and Number Index Thompson (Sue ull Currie Green 

73402 Di 2 545 360 Woe 650 
PoLoe 00) 520 240 1042 500 
73478 Dee GK 325 840 650 
TSS) 0.68 565 385 850 6 80 
WS202 0.46 610 440 805 680 
earn 0222 630 430 815 680 
73252 ‘een 640 480 + 780 700 
72345 Or0 660 510 105 690 
/2356 G0 685 540 7350 FLO 
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0.30 0.70 1.10 1.50 1.90 ae |e 

0.30 Los 1.90 Gaal 0.70 410 
GRACE INDEX 

Diagram showing the relationship between temperatures 

(° C.) and grade index for garnet-cordierite assemblages. 
Temperatures were calculated using the data of Thompson, 

1976b (THOMPSON), Hutcheon et al., 1975 (HUTCHEON 

(x 10-1)), Currie, 1971 (CURRIE (x 10-1)),) and Hensen 

and Green, 1973 (HENSEN (x 10-1)). 
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UzOuNOe the data Of “Hancen and Green (1973) are summar- 

ized in Table 22 and Figure: 20: lhe "error antroduced 

by this extrapolation is Probably at least + 60° C. and 

= JUD pars: 

Hutcheon et al. GL 7-Aoee der ar attempt to resolve 

the discrepancies between the daberol Currie (1 oj) and 

Hensen and Green (1971), derived the phase relations of 

garnet and cordierite using the published data of Robie 

etral- (1967) and Froese (1573). “Thee treatment in- 

volved several assumptions which are summarized in 

Hutcheon et al. (1974). They derived the following 

Explessi1ons <oOLr ang i: B Otc 

p (AG) + 298 480) —AV A) (Lhe hy, —.48%,) — (Rn Ky, -- A 88) ¢ 1s 2G LSP) ae 2 9 
“a (2d Key ety) VR) = Cede Key 88) AVY, 

anes (AR) +298 ASh) —AV A) AVR, — (lily -- 295 1 Sby~-A TP) ATA, 
ine (Bln Ay, ASP) IP CR In Wy 10%)) APS, 

The estimated accuracy of these expressions is temp- 

erature 2) 75°C. and pressure * 500 bare. The results 

“obtained by application of these relationships =ro tne 

Garnet-cordierite data from the Arseno Lake area are 

Summarized in Table 22 and Figure 20. 

Thompson (CHES SN ch ISIS matey investigated the 

potential use of the garnet-cordierite pair as a geo- 

Eheumometer. “Hisesynthesis of the available data of 

HeatuLal Mineral pairs, aswell as experimentally pro- 

duced assemblages, produced the following expression 

Pelav ing T Ko and the distribution coefficient for iron 
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and magnesium between cordierite and garnet: 

2 = 173.841 = lo” *1nk, too 6 Se Tope 

The results obtained by using thie relationship are 

Summarized in Table 22 and Fagure 20), 

Biotite-Cordierite Geothermometry 

THomeson, (L975 7a, e1o7c a,b) has compiled the 

available data on cordierite and blOtlte an an attempt 

to calibrate the continuous reaction between them in 

terms of pressure, temperature, and the ey On 

H,O. He used experimentally determined and calculated 

pure iron and pure magnesium end member reactions and 

oneneanere exchange potentials, calculated from 

distribution coefficient data, tO arrive at an expres- 

sion relating temperature and the adistribution of tron 

and magnesium between biotite and cordierite: 

(4) Fe-cordierite + Mg-biotite = 

Mg-cordierite + Fe-biotite. 

The following relationship between T and the distribu- 

bon coer ficrvent (Ky) for the above reaction was ob- 

tained: | 

T = 1/(3.691 x 107 4ink, Py Cymer nla tee 

This geothermometer is believed to be accurate to within 

= 100" ©. (Thompson, 1975). The results obtained bv 

using this relationship are PESSeneed ne Table 23. and 

Rigure 21. 
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TABLE 23 

Sample 

Number 

73269 
73394 
USE) 
WS SI7-6 
73407 

73402 
73308 

fol 
72385 

7347 
7346 

9) SSIS 
73449 
Wis -2 

73450 
73453 
PoOSOL 
JE259 

eS 
13238 
73206 
es eS 
TES Aya) 

72208 
eo os 

7322 
73226 

TS PAST 
US PAPRS) 
TS 252 
If eas s) 
CS) 

TERSIORS 

Temperatures calculated using the relationship of Thompson (1976b) _— 

and cordierite 
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650.00 670.00 690.00 710.00 

630.60 

THOMPSON 

~0.10 0.30 0.70 1.10 1.50 
GRADE [NOEX 

PIGURE 2135 Diagram Showing the relationship between temperatures 
(© Gu) and grade index for biotite-cordierite aseen- 
blages. Temperatures were calculated using the data 
of Thompson, 1976b. 
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Evaluation and Discussion 

Examination of the results obtained by applica- 

tion of the above discussed geothermometers provides 

information about the thermal gradient and the nature 

of the heat source. Before discussing these points, the 

geothermometers will be evaluated. 

Garnet-Biotite. - Both Saxena's (1969) expres- 

Sion and Thompson's (1975 a, 1976 a,b) expression indi- 

cate a trend of increasing temperature with increasing 

metamorphic grade. As will be shown below, the temper- 

atures suggested by Saxena's Expression are too low. 

However, this may result from the fact that the temper- 

ature estimates for various grades of metamorphism which 

were used for calibration were themselves too low, as 

discussed above. Figure 22 shows the temperatures ob- 

tained when Saxena's expression is calibrated with more 

recent temperature estimates for the granulite facies 

(750 = 850° C.), upper amphibolite facies (O00 %256 50°C ay 

and epidote-amphibolite facies (400 - 450° c.). 

Both of the garnet-biotite ne ey ee discussed 

above appear to be useful for indicating relative changes 

in temperature within 4 metemorphac terrains “For those 

garnets anes both core and rim analyses are available, 

it is interesting to compare the temperature calculated 

for the core formation and the temperature ate whech the 

rim equilibrated with biotite. 
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Comparison of core and rim temperatures may record 

the temperature decrease following the highest tempera- 

ture conditions experienced by a sample. This approach 

May Demvalidifethesamncunt of biotite is much greater 

than the amount of garnet in the specimen. [In Cneenuees 

the biotite could act as a Hesevoir (of aronvand magnesium, 

and any Fe-Mg exchange between biotite and garnet in- 

response to declining temperature would be recorded in 

the garnet rim, but would have a negligible effect on 

the composition of the biotite. 

The temperature decrease noted for garnets imp tie 

cordierite-almandine-K-feldspar zone ranges from 60° to 

120°. C. This magnitude of temperature decrease is con- 

sistant with the metamorphic evolution proposed for this 

Study area. The garnets formed in the biotite zone, with 

Mn-rich (cores, display prograde zoning (Grant and Wieblen, 

1971), and the calculated temperatures for the core and 

the rim suggest that the rim equilibrated at temperatures 

about si00° C. higher than the temperature of formation of 

the core. 

Garnet-Cordierite. Four garnet-cordierite 

geothermometers have been applied to the Arseno Lake area. 

Three of them, Hensen and Green CIO eee be Hutcheon et al., 

(1974), and Thompson (1975 a, 1976 a,b), show increasing 

temperature with increasing metamorphic grade, although 

they differ in absolute value by approximately 250° for 

ibe 
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a given sample. The fourth geothermometer, that of 

Cares CWO) ee as anomalous in that the temperatures 

show a decrease with increasing metamorphic grade, and 

the temperatures predvcted are high enough to produce 

anatexis, even under Conda tions ofeP <i wine 
E50 total 

problems encountered in using the Currie (1972) expres- 

sion May result in part from the fact that the experi- 

mentally studied breakdown reaction Of Cordier tendud 

not occur in the Arseno Lake area. A second contribu- 

ting factor may be the range of the spessartine plus 

grossular components present in this area. 

The differences between the temperatures Obtain— 

ed from Thompson’s (1975 a, 1976 a,b) expression and the 

extrapolation of Hensen and Green's (Eos, 1978) textoerni— 

mental error may be accounted for by the uncertainty of 

eachecea lculataom (@asl00°°C, 2 Te is, however, more dif- 

ficult to assess the differences between the above geo- 

thermometers and ase ope HUE CReOM ec ali Mor 4 eee They 

may result, in part, from possible errors in the assumed 

values of AS° and AG for the reaction: 

(22) 2 byrope + 4 sillimanite + 5 quartz = 

Ss Mo-cordierite, 

which was used in establishing their temperature equation. 

AS was the case with garnet-biotite geothermom- 

etry the temperature-composition of Hensen and Green ives 

iy73)), HMutehneéoneet, al, ©(1974)s, sand MaOMo son ellos 5. wae O76 
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a,b) appear to be valuable forvindicaring temperature 

changes within a metamorphic terrain, but further exper- 

imental work is required in order to obtain quantita- 

tive temperature measurements. 

Blot te-Cordieritem @lhe resulre obtained from 

Thompson's (1975 a 1976 a,b) biotite-cordierite geother- 

mometer across the study area show no Cemperature increase 

with increasing metamorphic grade. All of the tempera- 

EWees 116 in the range of 530°%cs 2) 50° C. This is inter- 

preted as the result of iron-magnesium exchange between 

biotite and cordierite with declining temperature in the 

late stages of metamorphism. The value 580° + 50° c. 

probably closely approximates the minimum temperature at 

which self-diffusion and IMcergrantlar wor vara in boundary 

transport of iron and magnesium could occur in this area. 

Fh Assumptions. All of the above geothermometers 

are based on two important assumptions, the validity of 

which cannot be assessed completely. The assumptions are: 

I. All of the phases used in geothermometry 

exhibit ideal solution of all components 

Inetne CUystallane solution ( i.e.) SD Reig 

is independent of composition). This 

appears to be valid for the aluminous 

garnets (Ganguly and Kennedy, 1974), but 

the necessary data for cordierite and 

biotite are not available at this time and 

further experimental work is needed. 
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2. The change in heat Capacity ac) Lor the 

iron-magnesium exchange reactions between 

mineral pairs is equg lssto sero. “This 

assumption is perhaps more Clearly seen 

in the definition of ee 

— = re 

It follows from the above Squaiity  thate ac 

Ac. #0, then the exchange reaction does not 

behave ideally. The data Wecessary to 

assess this assumption are not Presently 

available. 

In addition, the nature and role of HO in the 

GOrdieriee structure and its role an controlling Fe/Mg 

in cordierite must be investigated. Wood (1973) has 

suggested that HO dissolves more Geadiay vine ironmcordi1— 

erite and that the presence of water nh cordierite wild 

strongly influence the distribution coefficient Were ikaeye 

and magnesium between cordierite and Garnet. Vis. gaves 

Bice. Ona cher Ky as a result of a decreased Fe/(Fe + 

Mg) vatio ain .cordierite. ‘The other major problem to be 

investigated is the effect of Poles SUDSLLGuLiOn, for Siew 

Iie brotlte «as, well as the role “oF Ca sing and? Tian 

determining the iron and magnesium distribution between 

Bictiteeand coexisting ferro-magnesium silicates. 

Conclusions. The change in temperature 

recorded by the garnet-cordierite and garnet-biotite 

154 



dl Sraeddnde oa &; 

lam ay —s 
ce 

1? q : yi 

ro | ye? wine epee ake 

n GAR Se bs= Byeoate> one ehigane ages. 

«oyna thes, alvin “oe esa aaa, = 

Lena et ot paehAbeN a ton 

16 20)¢55 Lom pl! a. ; 

>> a - 
- : 

« 

. - iis 

waltta2 43 
_ 

] he. 7 : 5 
; 

rq 

; sl yeeba : SUAGSG 

oa woe 

7 Ls eee = 

: i) Mia it 

~~ « 44.537 @ 28 Soa 

sq shunt s3iueihaoe al 
‘ 

: wires tb i. acs hodaseyem 

‘ prerg @29 38K bce a2ite- 

, : 
» 

\g ode aceect lal yieacase: 

ei a somped *olaaopee Sie 

sf 

A 84) aly. a0 & 604% audeia 8 of a 

a ren _L? 2 ee 
ris ates. 

ee ee al bayagis 

y 7 rete ege Se #2 mine 

er ae =ikdara curl Mares 3 hae 

a" een a inhi = be at ; 

oa ein es tae Laie ryt MAES 

- : e 



thermometers across this area, from the middle part of 

the biotite zone to the highest grade part of the cordier- 

ite-almandine-k-feldspar zone, WaS approximately 350° c. 

If the metamorphism was essentially isobaric, and the 

Present erosional surface is used as an isobaric sur- 

face, then the thermal gradient around the heat source 

ranged from 50° /km towards tne east, to 75° = S57 km 

COowaras che sovth. 

GARNET - CORDIERITE -— PLAGTOCLASE GEOBAROMETRY 

Two potential geobarometers involving garnet, 

cordierite, and plagioclase have recently been publish-— 

ed (Currie, 1971; Hutcheon Ce yal, 1974: Ghent,st5 75" 

NSSEIAEN (ete eM, MESS \ay  Unavs relationships of pressure 

and mineral composition data determined for several 

mineral associations are outlined below. 

Garnet-Cordierite-Sillimanite-Ouartz 

The assemblage garnet-cordierite-sillimanite- 

quartz was first examined and calibrated as a geobaro- 

meter by Currie (1971). Currie concluded that if both 

garnet and cordierite form ideal solutions of their 

respective iron and magnesium end member molecules, then 

it should be possible to uniquely determine the pressure 

and temperature at which the garnet-cordierite pair 

equilibrated. He used the data of Richardson (1968) 

to obtain the equilibrium constant for the breakdown 

reaction of pure Fe-cordierite to garnet + sillimanite + 

ESS) 
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Quartz (reaction 17). 

A similar equilibrium constant was calculated for 

the Mg end member reaction. He proposed that the follow- 

ing relationship could be used to calculate P from the 

compositions of coexisting garnet and cordierite: 

Ehee elie APL) kee oy 
where P = 3.138 x 10° T ln Ky and P* is the equili- 

brium pressure at the calculated temperature For the 

pure Fe-cordierite breakdown reaction (Richardson, 

1968). The results obtained by this method are believed 

to be accurate to within 500 bars (Curmi ea.) 1971) 0! Rabie 

24 shows the results calculated for the Arseno Lake area. 

All of the pressures calculated represent maximum pres- 

Sures. It is most probable that the real pressure was 

lower because none of the Samples LOM wis area icon 

tained GalTnece CGexi sting, With sillimanite. ther errors 

may be introduced by the presence of an average of 10 

weight per cent spessartine + grossular end members in 

Bie sgarne rs, from thas area. 

Hutcheon et al. (1974) also investigated the 

potential of the garnet-cordierite pair, in the pre- 

sence of quartz and sillimanite, as a geobarometer. 

Their approach was Similar to that of Currie oa alae 

except that they attempted to account for the effect of 

Mn in cordierite and Mn + Ca in garnet. The relationship 

that they proposed is shown below: 
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(IGA) 293 2b2Q,,--<4 Vn) CR In N(ay- ESR) = (2a Way ~AS8})) (1; eye Coe cee! } 
Pox te 

, + ‘ ’ po ea rep (Riu Nyy: Sty) AVR) (Bin A gay TA SP) APY, 

The pressures are believed to be accurate to + 750 bars 

(Hutcheon et al., 1974). 

More recently, Tracey et al. (1975) have re- 

examined the potential geobarometric usefulness of the 

-» Jarnet~cordierite-sillimanite-quartz assemblage. In 

their model, they have incorporated the. data of Weis- 

Dred (1973 al in order to estimate the effect of Mn in 

garnet on the dependence of x ae They constructed DgE-C 
a Series of isothermal sections for the temperature range 

CUE ay 50 2a Ce whichis how what the compositions of garnet 

would be in equilibrium with cordierite + sillimanite + 

quartz at various pressures. A compilation of these data 

TSeoavienmain EAgure=2?. “Lf the temperature of garnet- 

cordierite equilibration is known, pressure can be ob- 

tained by plotting the garnet composition on the diagram 

CLG ae? 2 and interpolating the pressure. The accuracy 

Eee ae ne (Thompson, 1975 a). 

carnet-Plagioclase-Al,Si0, Quartz See ee ES OS 

GChentes0l97 5) Tracey et tal. Cleo, Syma Phess), 

and Schmid and Wood (1976) have examined the assemblage 

Jarnet-Plagioclase-Al,Si0.-quartz aS a possible geobaro- 

meter. The pressure dependence of the distribution of 

Ca between garnet and plagioclase makes this assemblage 

potentially useful as a barometer if it can pevcalibrared, 
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Fe 

PIGURE ce: 

Mn 

Mg 

Diagram showing the calibration of the garnet-Al9Si05- 
quartz barometer. (Modified after Tracey et al., 1975) 

158 



mm 

vee 

F e oom 3 eeeritti ‘= 

ea 7 

han 7 eo) 

tee yy. 
— 

7 o 

or, wit, ae 7 

; a: -aY 



TABLE 24 : Préssures calculated using the relationships 
of Currie (1971), Hensen and Green (19 73)" —_———— a TD a Hutcheon et al (1975) and Tracey et al (1975) a 

Hensen — 
Sample Grade Hutcheon Tracey and 
Number Index Currie St al et al Green 

73402 22025) 5676 2250 reds 
T3133 1200 4.70 By) : S.0 

73475 Ol aeels! Dias EAB Al Bee Oa 

La239 0.68 eee Ey (G8) oO. 0 eee 

v3202 0.46 Se 7 KO) Stas if 80 

Toe220 O33 ae eil0) 3 29 : 4.0 

(Sey One 510.0 Big YAS Sy) she) 

GENS) O70 5.60 ST 3.0 

23950 O50 Dita Seo 7 aia tk 

oy 
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Diagram showing the relationship between pressure (kbar) 
calculated for garnet cordierite pairs and grade index. 
Pressures were calculated using the data of (Ghbbereey as) a/b 
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Ghent (1975) used the experimental data of Wave 201067.) 

. and Hariya and Kennedy (1968) to calculate the following 

relationship: 

Cvs edie rar: ay Y 4-0 0.3448 (P - 1) 3 7 To OG i Roast 
D 

Cane Ca She aMele| Xe¢ Se oe “Dag 

for the reaction: 

(23) 3, anorthite = orossular garnet + 2 Al,Si0,. + 

Cie iar. | 

The above relationship assumes that there is ideal mixing 

between Ca and (Fe + Mg + Mn) in Garnet. The data of 

Ganguly and Kennedy (1974) on AH between garnet mixing 

end members would increase the estimated pressure for 

a given temperature. At Present, Chesuncertainiy of tie 

Calculatedy? is “large’) (Ghent, 1975). “racey (ie Gills 

arrived at similar conclusions regarding the Use ot 

this assemblage as a geobarometer. 

Evaluation and Discussion 

The mineral assemblages which occur in the Arseno 

Lake area permit the use of the garnet-cordierite geo- 

barometer, with the restriction that the calculated pres- 

sures will represent maximum possible values, because 

Al,Si0, is absent from the cordierite-garnet assemblage. 

Garnet—Cordierite-Sillimanite-Quartz. The 

results obtained from the three pressure-composition 

relationships: proposed by Currie (1971), Hutcheon Loh eet wae 

Woy ee end Tracey é6t.al.. (1975). are presented: in Table 24, 

16k 
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There is a very good agreement between the pressures 

obtained using the expressions of Currie (1971) and 

Tracey et al.” (1975). "The date or Hutcheon et al. 

(1974) yield much lower pressures which May “resi, in 

ese, from the assumptions used in their derivation, 

coupled with the inclusion of Ma and” Ca an the caleula— 

ELORE OL Ky and K,. The other expressions do not consider 

the preserice of Ca in garnet or Mn in cordierite. As 

Will be shown below, the conditions of metamorphism de- 

duced from other evidence appear to be in closer agree- 

ment with the calculated pressures uSing the method of 

Hutcheon et al. (1974). (Figure 23) 

Conclusions. The present data avallable 

which relate to the pressure dependence of RoGroce and 

Kypiae-Ct are not=suiliclent to Grovide @ Quantitative 

geobarometer. However, the use of the above relation- 

Ships appears to be able to show relative changes in 

pressure in a metamorphic terrain. Further experimen- 

tal studies and thermochemical investigation of both the 

garnet-cordierite-sillimanite-quartz and the garnet- 

plagioclase-Al,Si0,-quartz assemblages is likely to pro- 

duce more reliable and accurate geobarometric data. 

RESTRICTIONS OF PRESSURE AND TEMPERATURES OF METAMORPHISM 

Recent experimental studies of several of the com- 

monly observed metamorphic reactions have produced sev- 

eral equilibrium curves which have been used to Sons truce 
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a pressure~-temperature grid for the Arseno Lake area. The 

restrictions of maximum and minimum pressure and tempera- 

ture ere discussed below. (Figure 24) 

the Aluminosilicate Phase Diagram 

The position of the aluminosilicate triple point 

and the position of the andalusite-sillimanite inversion 

Can provide maximum pressure constraints for the cordi- 

6VileG Zone rocks of thesArsens Lake area. The location 

Of the triple point hae been investigated by several 

workers (Clark et al., 1957; Bell, 1963: Khitarov Sia 

1963; Holm and KRleppa; 1966; Weill) 1966; Althaus, 1967; 

Richardson, Bell, and Gilbert, 1968; Anderson and Kleppa, 

1262;. Richarason, Gilbert, and Well) 1969: Zen, 1969; 

Holdaway, 1971). The pressure and temperature of the 

triple point ranged from 8 kbar at 380° c. (Khitarov et 

ale too Seto SHG Khar and 501° Cc. (Holdaway, 1971). 

It has been argued that the higher pressure values 

for the triple point are spurious (Zen, 965; sevdaway, 

1971) and may have resulted from improper Calibracion on 

the experimental apparatus, intense Grinding of tne 

Starting mixture (which increases the free energy because 

of the large surface area contribution), and the presence 

of impurities, such as V and Fe, which increases the 

Stability field for andalusite (Strens, 1968; Abs-Wurmbach 

and Langer, 1975). An additional contribution to the 

higher pressures for the triple point was the presence 

shay) 
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of the fibrous Variety of sillimanite used in studying 

the andalusite-sillimanite inversion. Holdaway allss yay) 

suggested that the presence of fe ibaaoulllae) sagas the en- 

ctropy of the sillimanite in which te as aneluded. - Thus 

Smal?Y entropy increase would be enough to displace the 

endaius tte-si i imantre equilibrium to higher pressures 

by increasing the experimentally determined AS/AT slope, 

because the entropy difference between andalusite and 

Sillimanite is very small (0.7 cal./deg. mole, Pankratz 

and Kelley, 1964). 

The experimental method employed by Holdaway 

minimized the effects of the problems discussed above, 

and for this reason, the aluminosilicate diagram report- 

ed by Holdaway (1971) was used in this study. 

Dehydration Reactions 

The most common type of reaction observed in pro- 

grade metamorphosed pelitic rocks is that of dehydration. 

Several dehydration reactions have been experimentally 

investigated. The most important of “these, for chis 

area, are discussed below. 

Muscovite Breakdown. The decomposition of 

muscovite in the presence of quartz to sillimanite + 

K-feldspar + HO has been studied s Bvans (1965), Velde 

(1965), "Althaus ee alas (19 70)),. andi herrick (972). ) Bryans? 

and Velde's experiments were conducted at PH5O = Pp 
total’ 

Kerrick studied the reaction under conditions OL P50 < 
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Pots it The experimentally determined reacthiony 

(10) muscovite + quartz = sillimanite + K-feldspar 

+ HO 

is probably modified in pelitic rocks by the presence 

of plagioclase... Evans and GUIAotti# (2565) suggested 

that the reaction that occurs in natural systems is: 

(24) muscovite + albite + quartz = sillimanite + 

alkali-feldspar + HO. 

Under conditions of PH50 = Gap il the muscovite break- 

down reaction is terminated at about 650° c. ances. 

kbar by intersection with the wet granite solidus (min- 

imum melt curve) (Winkler, 1965; KEETrPCkhs 97 2)RO CAL 

temperatures greater than about 650° C. and PHO 27 Sings) 

kbar, the dehydration of muscovite would be accompanied 

by anatexis and the formation of in situ migmatites. 

The minimum pressure for the Arseno Lake area 

may be determined from the intersection of the muscovite 

decomposition curve with the andalusite-sillimanite boun- 

State, ihe PH50 = ee ah these SE EtG): arer aol kbar 

StoGe coe she P50 < PL otay, then the minimum pressure 

would increase and the corresponding temperature would 

decrease (see Kerrick, 1972). 

Chlorite Breakdown. The stability of chlorite 

in the presence of quartz and quartz pIMs muscovite has 

been investigated by several workers. The phase relations 

Grechlerive: muscovite + quartz. are Pertaneme to thas 
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study because re common occurrence in metapelites. 

ihe xresults tof Schreyer ane Sei femcresa ono) (iste rert 101970), 

and Bird and Fawcett (1973) are discussed below. Ald 

of these authors investigated the SLADULICVeom ciloriute 

Ze Ss pe ae Boca ld 
in the pressure range of 1.0 — 8.6 kbar. ‘The equili- 

in the system K,O-MgO-A1.0.,-SiO.-H.O at PHSO = Pp 

brium curve for the reaction: 

(25) muscovite + Mg-chlorite + quantz = 

Mo-cordierite + phlogopite + H.o 
2 

LSesisnown on raigure 24. 

As discussed by Siefert and Bird and Fawcett, 

this equilibrium curve represents the maximum stability 

of muscovite + chlorite + quartz. The addition of Feo, 

which can substitute for Mg in chlorvee, cordieri tes and 

phlogopite, would alter the above phase relations in 

two ways, by the introduction of new phases and/or by 

altering the composition of phases already present; there— 

by changing the equilibrium conditions of the reactions. 

Siefert (1970) also discussed an additional react On, 

which’ would /occur in an iron bearing system: 

(26)echiorite + muscovite + Al,Si0, ot at Wels 

cordierite + biotite + HO, 

which would occur at lower temperatures than reaction (Be ya, 

Hirschberg and oeeter (1968) investigated the 

Stabilety of chlorite in an iron bearing system and found 

that for a range of Mg/Fe ratios, the position of the 
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equilibrium curve was Shifted very little, and was located 

at lower temperatures than rae equivalent Tesc@r1on gin 

ENS Weon Eee system. . This curve probably represents 

the minimum temperature of formation of cordierite in 

Ene Arsene Lake area. The position of the cordierite 

isograd is therefore considered to beqe25> S502 ac 

The precise value’ of “the temperature would be a function 

of the compositions of the chlorite, muscovite, DLloti te, 

and cordierite involved in the reaction, 2s well as the 

Partial pressure of H,0. 

Biotite Breakdown. Biotite is stable from its 

first appearance as a product of the disappearance of 

chlorite, up to conditions above the dehydration of mus- 

covite plus quartz. Schreyer and Siefert C196 9° studied 

the reaction: 

(Zi)r 2 pnlégopite + 6 A1,Si0. tee eh Uel tota ae 

3 "comdierite: +2 K-feldspar 4+ 2 Heo. 
2 

THae eaction has a rather <Low 3P/32 slope and, as such, 

can provide a maximum pressure estimate for the higher 

Grade sporiion of the-“Arsene Lake ee In an iron bear- 

ing system, the reaction would probably occur at lower 

pressures, if it is assumed that the effect of iron in 

Uh Sercaction dismsim bar ‘to tts) effect imithe cordierite 

breakdown reaction, to garnet + sillimanite + Guang 

(Schreyer and Siefert, 1970; Weisbrod, 1973 b). 
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Anatexis 

The absence of large scale anatexis in the Arseno 

Lake area is an additional control on the pressure and 

temperature conditions of metamorphism. Under conditions 

Of PHD0 = See! the minimum melting curve intersects 

the muscovite + quartz dehydration reaction at approxi- 

mately 660°C. and 3.5 kbar. Tf an additional component 

(ice co.) was present in the fluid phase, then this 

intersection would move to higher values of pressure and 

temperature. Under the conditions of XH50 = 0.6, this 

Pocetoeee ron Occurs at 690° eC ln ends bee suka (Kerrick, 

td) eens, if an estimate sot Xy»50 in the fluid is 

avallable, the absence of anatexis (as provided by the 

Scarcity of in Slt migmatites) places a restriction on 

the conditions of metamorphism. 

Cordierite Stability 

The presence of cordierite in all but the most 

aluminum poor rocks up to the highest grade of metamor- 

phism observed also provides restrictions on the condi- 

tions of metamorphism. Cordierite Selec, is a func- 

tion of the Fe/Mg ratio. Several workers have investi- 

gated the stability of the pure iron and pure magnesium 

end member cordierite solid solution Series. Te has 

been shown that pure Fe-cordierite decomposes to alman- 

dine + sillimanite + quartz under conditions of P = 
Ota: 

O Vekoetaateos0ssc. tO 3.3 Khar at 750° 6s (Weisbrod, 
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1973 b). Pure Mg-cordierite is Stable to much higher 

Pressures and temperatures, but the reaction itsele: 

(28) 3 Mg-cordierite = 2 Pyrope © 4 sillimanite + 

SSCuare7 

has not been determined experimentally because it is 

metastable over the temperature and pressure range of 

granulite and upper amphibolite grade metamorphism. 

The reaction: 

(29) cordierite = 2 enstatite + 2 Sillimanite + 

Cal ania, 

occurs at the breakdown of pure Mg-cordierite (Newton, 

Lions 

AS Mentioned in the discussion of biotite break- 

down, the aSsanbT age cordierite plus K-feldspar indicates 

the maximum pressure attained in the Arseno Lake area. 

Oxygen Fugacity 

The mineral assemblages from the Arseno Lake area 

provide an estimate of ita. during metamorphism. Magne- 

tite has not been observed and in several thin sections, 

graphite was identified. The Sn inaye from the remobilised 

Archean paragneiss contain less than 5 mole per cent mag- 

netite. (The method of calculation of Fe,0, in spinel is 

given in the Appendix.) With this information and an 

estimate of the temperature Ae pressure prevailing during 

metamorphism, it is possible to calculate the PaIgacrvey oF 

oxygen. 
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Several methods are available to calculate this. 

The first method is to assume that fo, was consistent 

with the Stability of wustite. The range of fo5 then 

would correspond to the conditions described by the 

Magnetite-wustite buffer and the wustite-iron buffer 

for a given set of P = cond vierons. = The following eOcal 

two relations are from Eugster and Wones (1962): 

(a) Magnetite-wustite buffer: 

S380 720 8 Oc08s (Ps 5 log <5 = 3 m dees tke =. Se 

(b) wustite-iron buffer: 

Pee Poe is z OES (eS *O9 = aa ata Gie7 te eee a ale 
log 

The second method ke to use the equilibrium data for 

the magnetite-hercynite solid solution series (Turnock 

and Eugster, 1962). Giving a maximum value of 53 Pe30, 

CONtence to the spinels, and neglecting their Mg and Zn 

content as a first approximation, the fO5 Ssvabi Ui tye t ted 

BEN OO) Cn. Wold be. 

Dah) ae aleve) fo. Sori (OY Ler pe la tien =nromal oy oGr)) 

A third method is to use the data of French and 

Eugster (1965) on the C-O system. French and Eugster 

have shown that the C-O system Operaves as a butter, 

The fo> Bon ale =I conditions: was Getineduat the tole 

lowing value: 

_ -20586 F . Oe te Sa Mee te py cet eran ROS Go ideieg Sa Iai 

The Fo Fe>ulcs Gotained from the: above relationshios 

Bee Presented an Taple 25. 
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Comparison of the maximum fo> likely to have 

occurred with the minimum fo5 aoe would have been 

Maintained by the C-o System, indicates that an addi- 

Eienal component is needed in the fluid phase to buffer 

o>, to the values estimated for the Arseno Lake area. 

French (1966) studied the system C-O-H and noted 

the following relaLionships: 

1. When H is added to the C-o system, o> 

decreases for a fixed total pressure 

and temperature. 

25 FOC asgivenssetacr fo,-T Conditions, 

an increase in pressure favors a more 

reduced gas phase, richer in CH, . 

Se 1On aA given set of foo-P COnGutLoms, 

an increase in temperature favors a 

more oxidized gas phase, richer in 

H50 and CO5. 

From these observations, it is suggested that 

the H,0 released during the dehydration reactions dissociated 

and lowered the tas in the overlying rocks in the Arseno Lake 

area to the approximate values shown on Table 25. 

THE NATURE OF THE hEAT SOURCE 

The metamorphism of the Snare Group and remobi- 

lised Archean ortho- and paragneisses, while analogous 

to the Abukuma facies series, is not StrlCtly “a reciconal 

event. As shown by the distribution of the observed 
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mineral assemblages (Pug 4) theenieh grade metamorphism 

in the western half of the Arseno Lake area was super- 

imposed upon a low grade greenschist facies (biotite 

zone) metamorphism, which extends along the whole length 

of the Snare Group Sedimentary belt (Ross and McGlynn, 

IES ie 

The cordierite-amphibolite facies assemblages 

form an asymmetric surface, with isograds more closely 

spaced in the south and southeast then in the north and 

northeast. The arrangement of isograds deduced from 

the observed spatial distribution of these mineral assem- 

blages suggests that the high grade metamorphic area was 

formed around a Proterozoic pluton, emplaced at a depth 

Cf 10 = 14 km in the crouse. “This Geanveoid Mivton) would 

account for the updoming of the Archean basement ortho- 

and paragneisses observed in this area. As it cooled 

and crystallized, it would have acted as a long lived 

heat source and would have set up the thermal gradient 

suggested by the results obtained from garnet-—biotite 

and garnet-cordierite thermometry. 

The central part of the high grade terrain is 

thought to have formed nearest to the contact of the 

PLOPOsed plutonks. The thermal center has been defined 

by the area bounded by samples io S67~ Los hob. ANd i245 

These three samples all contain spinel with less than 

1.6 mole per cent gahnite and, as has been shown above, 

174 
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tepresent spine | ae equilibrated with cordierite at 

the highest temperatures. This choice for the thermal 

center is substantiated by the fact that these samples 

gave the highest relative temperatures when garnet- 

cordierite and garnet-biotite geothermometry was used. 

THE initia i temperature of the pluton, the length 

of time that it could have provided heat to the host 

rocks, and the total Guanitity of heat Sere to the 

host rocks are functions of its composition, volume, and 

Che wamount os H,0 dissolved within it. A magma that was 

Of Granttoig composition, similar to the Hepburn Batho- 

lith, and which was undersaturated with H,O, could have 

had an initial temperature in excess of 850 - 900° c. 

The rate that it would cool and the equilibrium thermal 

gradient that would be established would be a function 

of the mechanism,;of heat transfer and the volume of the 

pluton. If most of the heat was transferred by conduc- 

exliorayy eae the cooling period could be quite long and 

the peak temperatures reached in the host rocks could 

have reached the value of 680 - 700° C., aS suggested by 

garnet-cordierite geothermometry near the thermal center. 

THE CONDITIONS OF METAMORPHISM IN THE ARSENO LAKE AREA 

The conditions of metamorphism in the Arseno Lake 

area are discussed below. The results which are presented 

are based on the restrictions outlined above and on the 

pressure~-temperature values calculated using the P-T-~x 

a5 





relations for biotite, Garnet, and cordierite. Table 26 

summarizes the Cota len O—e conditions estimated from 

the biotite zone to the thermal center. 

the Baotite Zone 

Pressure and temperature conditions of the bio- 

tite zone appear to have ranged from approximately 

SIU GRC atl? JO. kbar = forthe biotite Esograd) toe5 30% 

C. at 3 kbar, which marks the beginning of the cordier— 

ite zone. The conditions attained in the lower part of 

the biotite zone are limited in part by a single occur- 

rence of andalusite found only 0.2 km above the biotite 

isograd. The sample is a fine Grained Grapnitic sillace 

containing several large porphyroblasts of andalusite, 

‘with quartz adleme the porphyroblast margins. This 

andalusite may have formed by the reaction: 

(SO) Spyropnyllite = Al,Si0, + Quartz + H50, 

Which was investigated by Hemley (1967) and Kerrick 

(1968). At Pressures Greater than 2.6 Kbar, Kyani ce 

would form instead of andalusite. 

Garnets in Lhemmiddle or the biotite (zone yield 

temperatures Gf£)42) — §505° C2, using the garnet-—biotite 

geothermometer of Thompson (1976 a,b). The pressure in 

the wpper part of the DEOratLe none is limited by the 

absence of kyanite and the fact that andalusite is the 

Stable Al,Si0, POLymorph.: The conditions at the end 

OF the biotite zone, at the cordierite isograd, are 

176 
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similarly limited by thesebservation Chav randatusite, 

and enor Poa lWimand te? accompanies cordierite and biotite 

a5wthe product of reaction (8). 

The Cordierite-Andalusite Zone 

Pressure and temperature conditions of the cor- 

dierite-andalusite zone appear to have ranged from 530° 

C. at 3 kbar for the first appearance of cordierite, to 

approximately 560° C. at 3.2 kbar where sillimanite 

first-appears. The limits on pressure are defined by 

the observed order of appearance: 

andalusite > andalusite + cordierite + cordierite + 

sillimanite ; 

At pressures greater than about me kbar, the equili- 

SEU cucve for ine reaction: 

(25) chlorite + muscovite + quartz > cordierite =F 

biotite + H50, 

as determined by Hirschberg and Winkler (1968), inter- 

sects the andalusite-sillimanite transition-and the 

stable Al,Si0, polymorph would be sillimanite. There- 

fore, the maximum pressure attained in the cordierite- 

andalusite zone was less than 3.4 kbar. The temperatures 

are probably accunate te within £ 20° (Cl ®because ithe 

cordierite POenaG beaction Nas a large @P/3T slope and 

the observed change in equilibrium temperature for exper- 

imental runs “Atetwo "and four kilobarsewas 10° %. Simi- 

larly, the andalusite-sillimanite curve is insensitive 

178 



7 : a . : 

7 - , -_ - 

. : 
ay - 

F ane set et be 
_ b . ' yal) : 

7 : 

e .h © | 7 

= ° - 4 

a | 

: naa 
é. a) 

“4 oe halal 
) } _ . 

-— syn vt 
. be —— sonar 

<n SD 
—- * or & 



EOfVariations «in XH507 because it is a phase trans- 

EOrMACI ON, «not. a dehydration reaction. 

The Cordierite-Sillimanite Zone 

Pressure and temperature conditions of the cordi- 

erite-sillimanite zone appear to have ranged from approx- 

imatedy 560°C. at 3.2 skbar to 625° c. at Sa2 Oe Oni 

kbar. The upper limit of the cordierite-sillimanite 

zone is defined as the second sillimanite Lsograd. The 

lower pressure-temperature estimate is probably accurate 

to + 20" C. and + 400 bars, but the conditions for ce 

second sillimanite isograd are less well determined. 

Evidence from fluid inclusions suggests that co, was a 

Significant component of the Metanorphie Fluid. sOn the 

beGisvoOn this evidence and eee ans absentee that 

the cordierite + muscovite + sillimanite zone is quite 

narrow (< 0.75 km),-the conditions estimated lie between 

those for the muscovite dehydration reaction at PH50 = 

Eee. and PHO = 0.6 Beer em | (KErreick.. £9572) 

The Biotite-Cordierite-K-Feldspar-Sillimanite gone 

The biotite-cordierite-K-feldspar-sillimanite 

zone begins at the second sillimanite isograd and con- 

tinues to the cordierite-almandine-K-feldspar zone. 

Pressure-temperature) conditions appear to have varied 

[LSemMsapproxamatkely 625° CG. at eee EOi67 OS6C..9at 

e.5 kbara-»Iin this zone, the assemblage biotite + 

Sillimaniee fequartz reacts to-form cordierite + 

days) 
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K-feldspar (reaction 27). Maximum pressures are limited 

by the stability of cordierite + K-feldspar, and by the 

absence of the assemblage garnet + sillimanite + Gvakruz,, 

which would form at pressures greater than 3.7 kbar at 

G25 Ce. “and 3.16 kbar vat (67102 C., in the system pure Fe- 

cordierite-almandine (Weisbrod, 1973 b). In the magne- 

sium bearing system, this pressure fare would be higher 

(Hirschberg and Winkler, 1968). The uncertainties of 

these estimates are probably about + 50° C. and + 400 

Davst 

Fluid inclusions in quartz from this zone are 

co, Eton Suggesting that XH50 <i “The actual walue 

of XH50 1S not known and is critical in assesSing the 

temperatures across this zone. 

The Cordierite-Almandine-K-Feldspar Zone 

Pressure-temperature conditions across the cordi- 

erite-almandine-K-feldspar zone apparently ranged from 

Olt O MOC 1 tee eee as Fe Om eber co approximately 

BOOe Ca 30 ate 6 20). 5 kbar Al oeethen cheerved 

primary fluid inclusions from this area were essentially 

pure CO,. Under these conditions, the biotite + silli- 

manite + quartz dehydration reaction to garnet + K-feld- 

spar + H,O + cordierite would have proceeded at lower 

temperatures than those suggested by Héss""(1969, Fic. 3). 

The estimated temperatures are within the uncertainty of 

the temperatures calculated from garnet-biotite and 
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Jarnec-cordienitea geothermometry. 

Cragin yor, tie co, Rich Fluid Phase 

Fluid inclusion observations (see Table 202 aS 

well as interpretation of the di SEI bUELOnaO: mineral 

assemblages, indicates that the Me Gamorpha cf iid win 

the high grade zones was composed mainly of CO The 3° 

origin and development of such a fluid in the Arseno Lake 

area is discussed below. The absence of graphite in 

many Samples indicates that co, was introduced to these 

Samples from an external source. At the same time, a 

mechanism is needed which would permit the H,0, which 

was released during dehydration reactions, to escape 

from the system. Three possible models are discussed 

below: 

1. Due to the nature of the heat source for 

the metamorphism and its relatively loca- 

lized nature, the H50 which was evolved 

during dehydration reactions could have 

moved down the thermal gradient to the 

lower temperature regions of the gneiss 

dome. 

2. The presence of large volumes of pre- 

Hudsonian high grade (granulite) meta- 

morphites in the western part of the 

area may have acted as a sink for H.O 

produced during the Hudsonian metamor- 

Jaye 
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phism. It also could have been a source 

for a relatively anhydrous fluid which 

could mix with “the Hoo eich aihwid., “Such 

an anhydrous fluid might be rich in CHy 

and CO5, as shown by studies of fluid 

inclusions in granulite facies rocks 

(1Oure®, 09/2. VToliister, Po7+* Holiveter 

and Burruss, 1976). 

3. The emplacement of the heat source into 

the basal siliceous dolomite blanket 

present across the Aphebian sedimentary 

basin, would have initiated decarbona- 

tion reactions. The CO) evolved during 

this reaction series could then be flushed 

out of the system and up through the 

overlying argillaceous sediments, which 

were undergoing dehydration reactions. 

This would consequently affect the dilu- 

tion of the 1,0 Inthe Pius pies. 

4. The formation Of minor amounts of granitic 

melt would have preferentially taken in 

the H70 in the fluid phase, thereby redu- 

repays; XH90> 

AS 1S Shown im the block diagram (Fig. 25), the 

most likely mechanism for reducing Xy 0 below one is a 
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combination Of 1. and 3. -Thus CO would have migrated 

down a thermal and pressure Gradient, diluting =the H-o 2 
rich fluid which was formed during release of pore water 

and structural water in the overlying pelitic and psam- 

- mitic metasediments. 

The density difference between a Superbenitacal: 

H50 rich fluid and a supercritical co, re lcde sian bisie | could 

also serve to deplete the MelLamorphre tluad’ of Heo and 
2 

increase CO, fn the res dealt erate 
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Proterozcic granite 

Snare Group carbonate 

| Snare Group sediments 

S Yellowknife Group voleanics 

5 mil 
Archean orthosneiss miles 

8 km 
Archean paragneiss 

FIGURE 25: Block diagram showing the hy 
of lithologies and isotherms 
Vertical exaggeration is x 10 

pothetical distribution 
for the Arseno Lake area. 
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TABLE 27: Bulk rock analyses from the Arseno Lake area 

Sample Number 729 7255G 72364 72345 

Grade Index’ Aes ie 1.99 eee 0 

Sid 59.18 66.00 61.95 69.26 TiO, 125 0.65 0.75 he Al263—C«; 24.34 12.88 Toe 15.86 Fe703 On74 ae 1.05 0.48 Feo PS GO 9.09 4.80 4.61 MnO 0.05 0.15 0.03 0.14 MgO 1.99 2.89 he Boe Paci Cao Gaal 1.80 Oe Wes Na 0 0.80 eA Vee ple K50 3.0 1.84 31296 De P3505 Onur Qe AiO7 Geo) H20- OG O21 0.34 0.24 H>0+ Dag2 sea 1.84 ihe Oe 
S ND ND 0.42 ND 

Total 9035 end O Onli mel OO Gunma GOmaiS 

Fet3/Fpet2 0.059 0.083 0.098 0.047 
K/Na 2.55 0.84 devas Ice 
Fet2/Mg 1.58 a6 10 03 

Zn* ND ND OND ie 
Cu* ND ND ND 12 
Co* ND ND ND 320 
O5 ND ND ND 200 

*ppm 
ND = not determined 
G = spessartine rich garnet present 
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PART’ IV: SUMMARY AND CONCLUSIONS 

The metamorphosed Proterozoic Snare Group sediments 

(Lords. 1942),.and polymetamorphic remobilised Archean para- 

gneisses from the Arseno Lake area were examined. Varia- 

tion in mineral composition and the sequence of mineral 

assemblages from the Snare eroun metasediments are typical 

of the ‘low pressure! facies series of Miyashiro (1961). A 

comparison of the Arseno Lake area with the central Abukuma 

plateau was presented on Table 19 (Part (hile Page )38.)- 

The following isograds have been identified, based 

on the mineral assemblages observed in thin section and the 

Spatial distribution of these assemblages across the study 

area, 

Ll) Biotvte in 

2) Andalusite in 

3) Cordierite in - muscovite + chlorite out 

4) Sillimanite tne andalusite out 

5) Sillimanite and K-feldspar in-muscovite 

ap quartz out 

6) Almandine and K-feldspar + cordierite in - 

DLOELCS = esi llimani te out 

in the case of isograds 3-5, the reactant assem-— 

blages are totally consumed: Isograd 6 is marked as. the 

first appearance of garnet + K-feldspar + cordierite. 

Biotite is never completely consumed although it is not 
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found co-existing with Sillimanite in the area above 

Peograd. 6, 

Individual reactions producing biotites, cordierite, 

and garnet have not been written in a quantitative manner 

because there is: 

1) variation in reactant mineral composition 

(Fe/Mg, Al/Fe + Mg) resulting from variation 

in bulk rock composition 

4) ~Warvation in reactant mineral composition due 

to the very small scale of equilibration 

(v1.5 - 2 mm) above the sillimanite isograd 

3) variation in the rate of diffusion of components 

within individual phases (self-diffusion) and 

between phases (intergranular Gi £fust0n). 

CONTROLS ON MINERAL COMPOSITION 

The mineral chemical data presented in Part II 

provide information on the roles of the moditying controls 

On Mineral composition. Discussion is limited to the ferro- 

Magnesian minerals biotite, cordierite and almandine, in 

the metamorphosed Snare Group... Spinel is an additional 

phase considered in the remobilised Archean paragneiss. 

Por miinerals such as rutile, ilmenite, and the alumino-— 

Silicates, andalusite and Sse. - the permissive 

controls are sufficient to define their presence and 

composition. 

RSE 
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Biotite. In the biotite zone, where biotite is the 

dominant ferro-magnesian phase, bulk rock composition is the 

major factor controlling biotite composition. The presence 

of chlorite as an additional Fe-Mg phase modifies the 

biotite composition to favor an Mg richer chlorite and an 

Fe rich biotite. As chlorite reacts with muscovite to 

produce biotite, there is a decrease in the Fe/Mg ratio 

ChepLOeL Ce. 

In the cordierite zone, biotite composition is 

still mainly controlled by the bulk rock Pe/Mowravia, but 

continuous Fe-Mg exchange bétween biotite and cordierite, 

and the breakdown of ilmenite to release Fe to the Silicates, 

modifies the biotite composition. (see reaction 8 and 9, 

Pagiwl Page: 73). 

BLOtive strom the cordierite-almandine-K-feldspar 

zone has its composition controlled by Fe-Mg exchange with 

cordierite and with garnet. Growth rates and rates of 

intergranular and selfdiffusion are additional modifying 

Controls an this -zone. The co, rich fluid phase present 

during the re-crystallisation of this zone restricted the 

Fates Of intergranular diffusion and resulted in small 

scale equilibration and heterogeneous biotite composition 

from grain to grain. The exact poneos teen was a function 

of the local mineral assemblage around the biotite. 

Cordierite. As discussed above, cordierite compo- 

sitions in the cordierite zone is determined Dy sa Continuous 
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exchange reaction of Fe and Mg with biotite. For a given 

ERI NaeSeetlon ey cordieritanis homogeneous, but variations in 

bulk rock composition produce different cordierite compo- 

SSsrcions. 

In the cordierite-almandine-K-feldspar zone, the 

most important control of cordierite composition was Fe-Mg 

exchange with biotite and garnet. As in the case of 

biotite from this zone, individual grains of cordierite are 

homogeneous, but there is a variation in Fe/Mg and Se 

between grains in the same sample. Here, 7. coo, ane) local 

mineral assemblage surrounding cordierite and the slow rate 

of intergranular diffusion controls the exact Composition. 

In samples from the remobilised Archean paragneiss, 

two reactions produced cordierite and these two types of 

cordierite show different compositions. This heterogeneity 

is epee a to siow rates of iantergranular diffusion of 

Fe and Mg and to the nature of the phases producing 

cordierite. ‘The first (reactions 12 and/or 16) xesullts an 

Cordicrite similar to that from the cordierite-almandine— 

K-feldspar zone, and the major control of cordierite 

composition was Fe,Mg exchange with biotite. The situation 

AW ; : 
{Si CAtLo, 1s complicated by the preservation of the Al 

which appears to be a elon, Oye the Archean metamorphism 

(Part If, page 102-107). The second cordierite producing 

reaction (reaction 19) resulted in cordierite with different 

iv 
Fe/Mg ratios and different Si/A Eeciosa. sine, corover te 

leeks) 
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composition here is determined by Fe-Mg exchange with 

Spinel and by the amount of Spinel which has reacted. 

Gelnet. the two types of garnet from the Arseno 

Lake area apparently reflect different controls of composi- 

Lalor. Garnet formed in the biotite zone is characterised 

by high MnO content and displays prograde zoning with an 

increase in Mg and Fe and a decrease in Mn and Ca towards 

the rim. These garnets apparently nucleated because of the 

presence of Mn released by the breakdown of the pyrophanite 

component (MnTiO,) of ilmenite. Thus, the MnO content may 

have permitted the formation of Garnet. its composition 

was then modified by exchange of Fe and MG With bictice and 

chlorite. As temperature increased and the amount of MnO 

available decreased, the garnet became progressively 

enriched in Fe and Mg. 

Garnet from the almandine-cordierite-K-feldspar 

zone is characterised by an Fe-Mg rich core and displays a 

retrograde increase of Mn and Ca towards the rim. This 

reflects slow, late stage Mg-Fe exchange with biotite and 

cordierite. This is somewhat complicated by the late 

reaction of garnet and K-feldspar + H.0 to produce retro- 

grade biotite, as well as by Ca loss to plagioclase 

feldspar. 

Spinel. The spinels observed in this study do not 

exhibit compositional zoning. This results in part from 

their fine grain sige. These. spinels show a progressive 

190 
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4m enrichment with decreasing grade of metamorphism. As 

discussed above, this Zn enrichment is. apparently a direct 

result of the modal decrease in spinel at lower metamorphic 

grade, coupled with a Strong site preference for zinc in 

spinel. Inspection of Figure 17 shows that the Zn content 

of spinel is independent of the Fe/Mg ratio and the 

Magnetite content. 

Thus, Spinel composition is determined by the 

amount of spinel present, which is reflected in the Zn 

content,and by Fe-Mg exchange with the cordierite host in 

which it is preserved. The role of Zn in Stabila zang 

Spinel may be analogous to that of Mn in biotite zone 

garnets. 

The Cordierite Amphibolite Bacies 

Figure 26 depicts the phase relations between 

microcline, sillimanite and the ferro-magnesian minerals 

observed in the A-K-F-M tetrahedron. Figures 27-28 present 

analysed co-existing minerals from the Ee Sete SG ate 

K-feldspar zone and the remobilised Archean paragneisses 

plotted on the A'F'M' projection through K-feldspar. These 

cere show the progressive compositional changes of 

co-existing biotite-cordierite-garnet assemblages in 

response to changing metamorphic conditions. In both the 

cordierite-almandine-K-feldspar zone andere remobilised 

Archean paragneiss, the 3 phase triangles and 2 phase tie 

lines involving biotite, cordierite and/or garnet show a 

Heel 
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FIGURE 26: Diagram illustrating the phase relations in the AKFM 

tetrahedron between K-feldspar (k), muscovite (m), 

Slilimanite (Ss), biotite: (hb), cordiérite (e).) and 

garnet (g): 

(i) at conditions below the muscovite + quartz 

breakdown 
(ii) above the muscovite + quartz breakdown, below 

the biotite + sillimanite breakdown 

(iii) above the biotite + sillimanite breakdown. 
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PiGUEE 27: 

A Sillimonite 

80 

+ quartz 

\ +K-feldspar 

50 

Cordierite 

40 

20 

AKFM tetrahedron projected through K-feldspar (Thomp- 
son A'F'M' diagram) showing the compositional relation- 
ships between biotite-cordierite and garnet from the 
almandine-cordierite-K-feldspar zone. 
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FIGURE 28: 

A’ 

A\Sillimanite 

+ quartz 

\ +k-feldspar 

+60 

440 

420 
Biotite ; 

Vien 

omen [= ! i 

8 a 6 6) 4 ae a JJ 

Thompson A'F'M!' diagram showing the compositional 
relationships between cordierite, Sartnec, biotite , 
spinel, and orthopyroxene for samples from the 
remobilised Archean paragneiss. 
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progressive shift toward the Mg side of the diagram. 

Geological Evolution 

The data presented in this study, Berean se with the 

data of Lord (1942), Hoffman (1970, 1973), and Leatherbarrow 

and Frith (1975), have been synthesized and interpreted to 

produce the following evolutionary scheme for the Arseno 

Lake area: 

1) The Slave craton was originally developed as a 

series of granitic batholiths and greenstone 

belts. Kenoran intrusions and metamorphism 

produced local granulite grade assemblages of 

spinel-cordierite-garnet-orthopyroxene in the 

supracrustal sequence (foliansbee,; 71942). 

2) In early to middle Aphebian time, uplatt ana 

erosion of this crystalline basement provided 

the clastic material deposited on the een 

margin of the Slave craton as the Epworth group 

sediments (Hoftiman, 1970, 1973). tn the Arseno 

Lake area, this sequence was. deposited ina 

shallow marine to continental slope environ- 

ment. Pressures deduced from metamorphic 

mineral assemblages suggest that the total 

sedimentary thickness exceeded 10-12 km. 

3) The basal portions of this sequence were 

regionally metamorphosed to biotite zone 

conditions. The heat necessary to develop 

5, 
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these biotite-chlorite-muscovite assemblages 

can be accounted for by the higher heat flow 

associated Redo hea —- "early Proter- 

OZOiC eames 

4) A granitoid body was emplaced into the crystal- 

line basement and caused the gneiss dome forma- 

tion. The heat released by crystallisation and 

cooling of this body gave rise to the upper 

amphibolite grade mineral assemblages observed 

in the Arseno Lake area. 

The higher heat flow, which caused the regional 

biotite zone metamorphism and the Origin of the proposed 

granitoid pluton that intruded into the crystalline Archean 

basement, may be explained by the evidence of Proterozoic 

Plate tectonic activity. Hoffman (1973) and Hoffman et al. 

(1974) have proposed the existence of an eastward dipping 

trench or Benioff zone in Proterozoic time which was situ- 

ated west of the present eaeees Bear Lake, trending NE-SW. 

The Arseno Lake area lies v 300 km down-dip of this proposed 

Structure, ana the granitoid intrusion May represent material 

melted above the Benioff zone and emplaced into the upper 

part of the crystalline basement. This is illustrated 

diagramatically in Figure 29. 

scales Ofte Hour libris 

The results presented in Part II have shown that 

within an area of high grade metamorphism, the scale of 

LG 
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equilibrium or intergranular homogeneity can vary as a 

function of the mineral phases participating and the 

mechanism by which components migrate between the equili- 

brating phases. Minerals such as Gondienite and -protice 

are homogeneous on the scale of individual grains {up to 

fez cm); and may be homogeneous throughout a Single specimen 

yi Se alge rock itself has a homogeneous distribution of mineral 

species. Thus a rock with no metamorphic segregation, 

composed of biotite, cordierite, quartz and the feldspars, 

may have completely homogeneous biotite and cordierite and 

the scale of equilibration may be several centimeters. On 

the other hand, a rock with a heterogeneous distribution of 

mineral species will develop several sub-domains, each 

characterised by a distinct composition of biotite and 

cordierite. This situation of heterogeneous chemistry also 

arises where a relatively refractory or inhomogeneous phase 

occurs, for example where zoned garnets are present. In 

this case, the scale of equilibration is on the order of 

59 mm and biotite compositions vary throughout the specimen 

as a function of the phase assemblage immediately surround- 

ing it. Thus the local presence of ilmenite or rutile will 

produce a Ti richer biotite and the presence of garnet will 

preduce an Mg richer, Fe,Mn poorer biotite. 

ine scale of equilibration is thus sa function of 

the refractory nature of Sees mineral assemblage and 

tie yraAcesOm em ergranular Gduetusion.. sine tne Arsenc Lake 

198 
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area, the high grade gneisses from the cordierite-almandine- 

K-feldspar zone are characterised by small scales of equili- 

bration, as evidenced by heterogeneity of biotites, and a 

co, rich fluid, as evidenced by nearly pure C0. primary 

fluid conclusions. 
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APPENDIX: METHODOLOGY 

MINERAL ANALYSES 

Equipment and Operating Conditions 

The mineral analyses presented were obtained 

on an A.R.L. "EMX" microprobe which was fitted with an 

Ortec energy dispersive detector positioned at a dis- 

tance of 270 mm from the sample, with an X-ray take- 

off angle of 52.5°. The associated electronic compo- 

nents were: a 450 research amplifier, a 454 timing 

Pl Clamp faer.. a 436 100 ME -Giscriminator, a 404A 

pulse pile-up rejector, and a 6220 MCA. ‘The 6220 

incorporates facilities for automatic correction of 

deadtime and pulse pile-up relecved (counting loseaes. 

At a counting rate of 1000 pulses per second at 5.9 

keV, the system had a full width half maximum (above 

background) of 154 eV. Data from the MCA was inter- 

faced to an IBM 360/67 computer via a Texas Instruments 

salent /00. ASR Series, model 733, cassette tape termin- 

els | 

Analytical runs commenced and ended with the 

acquisition of a calibration standard. spectrum. This 

spectrum permitted Picea leilevioOnwOlesiit teandmetne ton 

of the standard and sample spectra. It was also used 

an the Calculation of default standard intensities. 

The Fano factor and E were also determined, which 
noise 
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allows the calculation of the FWHM of all peaks of interest. 

Element concentrations were determined by comparison 

with silicate and oxide Standards using the program EDATA, 

wertten by Smith} Gold) and Tomlinson (1875) ie AtGoresene, 

EDATA automatically and Simultaneously searches for all of 

the elements from Na to Zn (exGeperAn) Solus=7reand: bar 

Recorded spectra are scanned by EDATA to seek and charac- 

terise peaks (energy, FWHM, intensity, and peak’ to eee 

ground ratio). EDATA then corrects each spectrum by read- 

justing the intensity in each channel to those which would 

have been obtained with ideal instrument SeLeLngs ta. one 

O- 0 Stretch and’ shift). “BsCapelpeaks are stripped using 

the method of *Reed and Ware! (1972) s Atrthic poant;ea ll 

intensities are normalised to a fixed probe current. The 

Spectrum is then corrected for the continuum intensity 

using the method described by Smith et ale C975) Pand 

Smith and Gold (1976). A peak free atomic number indepen- 

dant normalised background is multauplied by a factor re- 

lated to the average Z of the unknown and then scaled to 

the unknown Sa a tO, takebanto accountevarying) counting 

times and probe currents. | 

the Spectrum is) then corrected for overlap effects. 

Overlap coefficients are stored in a 22 x 22 matrix and 

are used to make corrections to analytical regions of 

interest by solving up to 21 simultaneous equations by the 

Gauss-Seidel iterative technique. Once overlap corrections 
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have been made, ZAF (matrix) corrections are performed. 

The atomic number correction employs the data of Duncomb 

and Reed (1968), the absorption correction uses the for- 

mulae of Philibert (1963) and Heinrich (1967), and the 

characteristic fluorescence correction uses the method of 

Reed (1965). For phases such as chiorite and the micas, 

the difference between 1002 and the analytical total was 

assumed to be oxygen for the purpose of making matrix cor- 

rections: 

For an unknown, the program continues iteratively 

through continuum, overlap, and ZAF corrections until pre- 

sent convergence limits have been achieved. 

The Present Cut Off for reporting the presence of 

an element is 300 ppm, and concentrations less than this 

are taken as zero. A useful measure of the success of 

this approach is the zero concentration reported for ele- 

ments which are usually absent from each mineral group 

(ee) a, Neo on carnet t= 126, bap cordierite). 

It should be stressed that all of the elements 

from Na to Zn (except Ar) plus Zr and Ba aes analysed for 

ied On che Mineral data presented. “In all analyses 

presented, if an element is not reported, it is because 

that element was not detected at concentrations greater 

than, 300 ppm. 

F is reported for a few biotites and muscovites. 

F was measured using wavelength dispersive techniques on 
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a reconaissance basis only. Where F is not reported, it 

sys not determined. 

The following operating conditions were used during 

analysis: 

Analyti LI nalytical lines ® Alpha(l 2)" “sasha ina) 
Beam size Da aw tee 

Operation voltage LS ey 

Beam current 300 nanoamps 

Probe current 30 —- 35 nanoamps 

Emission current 200 maicroamps 

System livetime 400 seconds 

Lotad “came, «(Lave 450 = 520 seconds 
+ deadtime) 

fpuT Count rate ~ 3000 pulses per second 

7—_—_—_—_—_- —_—_— ee -eeeeeeeee 

The energy dispersive analyses presented in the text 

(Tables 2 - 18) are possibly slightly better than those 

which are normally achieved in conventional wavelength 

dispersive analysis. This is mainly a result of collect- 

ing data for all of the elements at the same point, simul- 

taneously, over a rete e Shoei time period.) Thus, “the 

problems of sample inhomogeneity are avoided, as are the 

potential uncertainties which may be introduced by spectro- 

meter resetting and by long one contamination of the 

sample surpiace by a C rich film, in part derived by. the 

breakdown of pump oils in the analysis chamber. 
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TABLE A - 1: Comparison of results obtained by energy dispersive 
and wavelenath dispersive analysis of trace amounts 
of Zn and V for minerals from the Arseno Lake area era Ss trom the Arseno Lake area 

V Vv 
; > Cod 2n Mineral Sample Znp 2nw E Vp W es 

Number 2g Vv 
W 

Spinel Uae 13.280 ned Oe 3216 “OV 21 eal sya 

Biotite UATE 0-073 0.056° 22300 02099.) 0.067 12487 

Cordierite 13375 0.104 0.080 1.300 ----- ----- 

Ilmenite 73376 O.232, 0-185 =122579) On40l 0.270 12875 

Spinel 73478 4.310 Tels O0S2550 5035 1.457 

Garnet 73478 0.096 0.080 1.200 ----- ----- 

Cordierite 73478 O12 290 L0d = Ve2s)e ——-— = ‘~---- 

Biotite 73478 0.040 0.032 1.250 0.049 0.033 1.483 

Ilmenite 72345 O.278 0-189) 15472" O0082 07061.) 2.349 

Spinel 72345 0.060) 0.041 471) 27 1.020. 4-246 

Garnet 72345 weer ween G.075 0.062 15226 

Cordierite T2345 = =Ss= (as Op, 0GLe0c048er 2.271 

Biotite 72345 O.vosr 20092. 9839) 0.031 = 0. 02d 17S 

SSODS = not detected 
n.d. = not determined 
E = energy dispersive analysis using EDATA for data reduction 
W = wavelength dispersive analysis using PROBEDATA for data reduction 

geal 





Minor elements (those Present ar lie. 0.23 .0r creater 

level) are probably comparable to the accuracy obtained 

by wavelength dispersive analysis. Elements eae about 

0.2% are unlikely to be as accurate as are wavelength dis- 

perSive analysis, because of a much lower peak/background 

ratio and high continuum intensity relative to true peak 

counts. Reed and Ware (1975) and Smith and Gold (1976) 

discuss the precision and accuracy of EDA and conclude 

that elements present in concentrations greater than 10 

weight per cent usually have a coefficient of variation 

of less than 1% and never more than 3%. For elements pre- 

sent in concentrations between 1.0 and 10.0 weight per 

Cent, the coelfiicient ef variation ranges, from 1 to 3.52 

(oGken 976) 

Table A = 1 presents analyses of Zn and V present 

in minor and trace amounts in several phases using both 

energy dispersive and wavelength dispersive techniques. 

For these two elements, energy dispersive are greater 

than wavelength dispersive by a factor epee a es ved ONCE bela 

anand. e227 ands LaAs tor 4. 

Comparative analyses of a variety of well charac- 

terised standards from the University of Alberta micro- 

probe laboratory are reported by Smith and Gold (1976). 

oLvandards 

A suite of nine standards was selected on the basis 

of homogeneity and composition, as determined by the 
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author and by results reported by several Geology 639 

(Microprobe Analysis Theory and Technigue) classes. 

Standards were used Only for those elements for which 

they displayed homogeneity and where the element con- 

centration in the standard exceeded that of the material 

being analysed. “Tables “sn 14ere Che ‘standards, “their 

source, and the types of samples for which they were 

used. Table A - 3 lists the standard composition. 

Sample Damage 

Micaceous minerals from the chlorite zone and the 

lowest part of the biotite zone showed some damage caused 

by the electron beam, notably alkali migration away from 

the site of beam impact. This problem was most pronounced 

in the muscovites, due to their fine grain size, which 

tequired the wsSesof a focussed beam’ (0.5 = 1 mm in dia- 

meter) in order to avoid grain boundary effects and insure 

that the phase being analysed was the only phase in the 

volume excited by the electron beam.” Im Coarser grained 

samples, this problem was overcome by scanning the beam 

Over an area Of thé mineral being analysed. The normal 

area chosen was 19 x 15 Um. This corresponds to the 

rennet area which could be scanned using the beam 

scanning system available. This method of analysis gener- 

ally eliminated alkali’ migration, and samples from the 

middle Bi oeiee Zone through to thes highest Grade of meta— 

morphism show.little evidence of alkali migration. 

228 



a - 7 

— 

ees ueaitell fain:
 roowt a ee! ~ Ath 

evaerts prceieee? ene” ye = thea hex 

tu bity ao) Sap ReREn otal Xa fied Beew ‘ora Sespee® 7 

cipmeia sls aasnw oem Greets bseateaty yarns 

riskeaae le a heivaatneS we 7 ee ‘ es 
7v 

> > 

ied att oeenie— & (248 .teeylans polads 5 

para pag Vo Sees eis Hind: (77s 

» stall © <A Glue? ter 7 

epeiint) aighbs 

i ole co tia: Grcanagcs 

(a of! TO 2349 séruce 

fa af coizsele 243 Qe 

ae | axa? Lo alze Se 

ao’ ier Bie fe 

ee DST anPee 

on? Bhi ws “Taree 

si=4ied seadg edd Site 

7 ala wis Gd ‘&egiane smuiise 

Pvgebuvirs wad Keliory Gris @algues 

=p ‘, eela etd 20 Bess ni ave, 

oy ©3 @ 22 Gad HSEGR9 shes @ 

a 

i soD> o3t 

on) Fake oe Gigs solaw pases meer: 5 

11eae Gar aii -bidel lave erie 

ph Red) Sed pete Sexe canoe tle Bee 

Ot sr wag cl a : ofa of 
y | a 
| van'? ol S523 urs & 

. 5 7 7 



TABLE A-2: STANDARDS USED IN MICROPROBE ANALYSIS a ANE ED 1 

MINERAL NAME OF STANDARD REFERENCE ELEMENTS 
(University of 
Alberta number) 

Feldspars Hohenfels Sanidine University of ive Pras 
(0279) Alberta files i ee 

Tiburon Albite Evans Na 
(0009) 

AN 80 Glass (0001) Ribbe & Smith Ca 
(1966) 

Oxides Odegaarden Ilmen- University of Tipe 
ite COS 2) Alberta files 

Rhodonite (0269) Y Mn 

Willemite (0332) ZN . 

Bayer Corundum r Al 
(0076) 

Periclase (0238) a Mg 

All OSdegaarden Ilmen- University of Ti. re 
Silicates ree (0152) Alberta files 

Rhodonite (0269) MY Ca, Mn, 
(S195, on 

Hohenfels Sanidine y itary 
(0279) Ba, (Si) 

Bayer Corundum i Al 
(0076) 

Periclase (0238) Mg 

Guartz 9(0260) # (Si) 
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This problem can also be overcome On instruments 

where the energy dispersive detector can be placed closer 

to the sample. This allows much Higher Count rates at 

substantially lower probe currents. (At the University 

of Toronto, using a new Etec Autoprobe equipped with a 

movable detector, the equivalent count rate (3000 eos) 

used in this vere can be obtained at 1% of the probe 

current required by the University of Alberta's probe 

ineerstetreeere TRESS eis Tessencially an inverse square 

relationship between sample to detector distance and 

probe current required to produce a constant count rate. 

MAPS AND SAMPLING 

Maps 

Aerial; photographs,, U212,500 claim isheets, 

1:50,000 NTS preliminary topographic maps, and the 

published map of Lord (1942) were used in the selec- 

tion of traverses and served as the base maps for data 

plotting. They positions Of quartzite and marble hori— 

zons were noted on the field maps and transferred to 

the final 1:50,000 geologic map. The geology shown on 

Map l is modified from the data of Lerd (1942), McGlynn 

and Ross, (1963), and Frith and Leatherbarrow (1975) . 

Grade Index 
In establishing a non-mineralogical index of 

metamorphic grade, it was first necessary to define and 

outline the highest temperature area of the thermal dome. 
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This area was defined by contouring the mole per cent 

gahnite (ZnA150,) in spinel data. ‘There is a strong 

negative correlation between mole per Cent Ggannite 25 

Spinel and modal spinel. The gahnite Bere rencnet in spinel 

increased as modal Spinel decreased. It was thus rea- 

soned that the samples with the lowest gahnite content 

in spinel (and the highest modal spinel) had undergone 

the highest temperature equilibration with cordierite. 

The reason for the felationship Wate Gets Gerace 

content and modal spinel is most Probably that ones 

much more stable in the spinel structure than in cordi- 

erite. At lower temperatures, a greater proportion of 

spinel would react with Si to form cordierite. 

The Mg and Fe from the spinel could be readily 

incorporated in cordierite, but the Zn qould remain in 

the spinel, causing a continuous increase in the gahnite 

content as modal spinel decreased. This is analogous to 

the Mn enrichment in retrograded garnets reported by 

Grant and Weiblen (1971). | 

Once the thermal high was outlined, the grade index 

of any sample was calculated as the distance from the’ 

thermal high to the sample, divided by the distance along 

the same line to the cordierite-almandine-K-feldspar iso- 

Grad. 

Thus, the grade index value. increases with decrea- 

Sing metamorphic grade. For the cordierite-almandine-K- 

feldspar zone, grade index varies from 0.0 - 1.0, the 
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cordierite zone from 1.0 - 2.7, and the biotite zone 

ErOM about 2.0 —— 4.0. 

Samples 

Samples of metasediments were collected from 892 

localities along the Bear-Slave boundary and across the 

gneiss dome in the Bear Province. The locations of all 

samples are shown on Map 2. The samples were selected 

on the basis of Phorener eee bulk reck composition, 

as determined from hand specimen mineralogy, and are 

biased towards pelitic and basic chemistry, as these 

two general compositions show the best Mineralogical 

variation with metamorphic grade. 

Petrographic Methods 

All samples were studied in thin section and a 

suite of 100 samples were selected for microprobe ana- 

lysis on the basis of the mineral assemblages present 

and the absence of extensive weathering phenomena and 

secondary alteration. All Samples selected for micro-— 

probe analysis were also examined in reflected light 

LO select properly polished grains tor analysis. 

Mineral assemblage data for the unaltered samples 

are presented on ere cane with the metamorphic 

isograds deduced from mineral assemblage distribution. 

BHLULD INCLUSION STUDIES 

thiegoreliminary fluid “inclusion work seported in 

this study was done using a normal petrographic micro- 
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scope with a x60 magnification objective and a x10 

ecilar.s. Standard petrographic thin sections and polished 

microprobe thin sections were studied in transmitted 

light, using the minimum aperature setting Gof the con— 

denser stage to enhance relief and contrast. 

The inclusions which contained both a Liquid 

phase and vapor bubble were heated for a few seconds 

using a small hair dryer. If the vapor bubble homo- 

génized with the liquid phase, it was then identified 

asa One component (CO,), two phase inclusion. This is 

based on the low temperature ( 30° C.) required to cause 

homogenization of the COp vapor = CO, Tigdid mixture. 

if the short heating to about 30° C. failed to homogen- 

ize the two phases, the inclusion was identified as a 

two component (H»O + CO5) inclusion. Only the data for 

primary fluid inclusions were used to estimate the com- 

position of the metamorphic fluid. 

Planar arrays of small vapor inclusions were 

observed in many of the sections studied. Dison. | D. 

Morton {personal communication) has suggested that 

these inclusions are composed chiefly of HO and have 

probably formed after the main episode of metamorphism 

recorded in the Arseno Lake area. They are most likely 

celated to the decline in. temperature following the 

peak conditions reached by each sample. 

229 





Rb-Sr data for the samples plotted in figure 
3 
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NUMERICAL METHODS AND SAMPLE CALCULATIONS 

Calibration of Thompson's Geothermometry 

The T-ln K relationships presented in the discus- 

sion of Thompson's (1975a7"1976a,b) garnet-biotite, gar- 

net-cordierite, and biotite-cordierite geothermometers 

were calculated by this author. The three equations 

were determined by application of a least square linear 

regression analysis to the data presented by Berg CREW he 

and iracey 6 al. (1975) ain srees) se 'lhis was) necessita— 

ted by the inability to obtain the equations directly 

from Thompson. 

Caiculation of Bet in Spinel 

The calculation of Fe in spinel was done using 

an Abin program; SPCALC 7s wieltten by the Jauthor. = An out— 

line of this method follows: 

1. The analysis was converted from weight 

per cent of the elements to moles of 

the elements. 

2. The tetravalent, Lrivalent,, and divalent 

cations were summed separately. 

3. Twice the amount of the tetravalent 

cations was subtracted from the divalent 

sum (e.g., the spinel molecule Fe.TiOo gtt04)- 

4, One  nhalt the amount of the trivalent 

cations was subtracted from the divalent 

sum (e.g., spinel MgA1.,0,). 

ose 





5. Whatever divalent cation total remained 

after the subtractions was divided by 

three, and two-thirds of the remainder 

+ was assigned to Fe - 

Thompson Geothermometry 

A sample calculation (using the garnet-biotite 

geothermometer) is shown below. The Garnec and biotite 

compositional data used are from Tables 10 ane U2 73202) 

Fe Mg Fe/Fe+tMg K. Ink ipa Sane 
D iD) 

uO Bee OS Gri 5 Rew ks 4.431°1.468 888 615 

Gaen 6454884 0.7628 oo 

ae Se er, ee nee Rae Ky ts Calculated “as nea Xi / (Xp ex (1 Aoe!? where 

x © pe/(FetMg) . 

ink, is then put in the equation shown on page 

tae. The same procedure ds followed for the garnet— 

cordierite and biotite cordierite thermometers. In all 

cases, the most Fe rich phase is used in the numerator 

Fe Fe 
eo Xi)). 

Curere Geothermometry F 

A Sample calculation using che Currie (1971) 

(ase. £Or Garnet-biotite the numerator as x 

thermometer (garnet-cordierite) is shown below. The data 

Used are from Tables 11 and 22a(samole 202) and the 

equation used is shown on page 143. 

Fe | Mg Fe/Fe+Mg K lnk fa aie @ 

felepa ce Oe iets Lik ibeah 394 

PENS) 
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